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METHODS OF ARENE ALKENYLATION

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application claims priority to U.S. provisional
application entitled “Synthesis of pharmaceutical interme-
diates by Rh and Pd catalyzed arene alkenylation™ having

Ser. No. 63/027,132 filed on May 19, 2021 which 1s entirely
incorporated herein by reference.

FEDERAL SPONSORSHIP

[0002] This invention was made with government support
under Grant No. DE-SC0000776, awarded by U.S. Depart-
ment of Energy. The government has certain rights in the
invention.

BACKGROUND

[0003] Stilbene and stilbene derivatives are of interest 1n
organic chemistry since stilbene derivatives are potentially
applicable 1n the pharmaceutical industry and in various
other materials and products. Many stilbene derivatives
exhibit photophysical and photochemical properties that are
useiul, while other products of are of medicinal interest.

SUMMARY

[0004] Embodiments of the present disclosure provide for
a rhodium-catalyzed oxidative arene alkenylation from
arenes and styrenes to prepare stilbene and stilbene deriva-
tives.

[0005] An exemplary embodiment of the present disclo-
sure provides for a method of making a substituted arene,
comprising:

N ‘\/\ )

e V4 IV N

N s

wherein A 1s a Rh catalyst or Rh pre-catalyst material (which
can form a Rh catalyst), wherein the Rh catalyst selectively
functionalizes CH bond on the arene compound, wherein B
1s an oxidant.

[0006] In another embodiment, the present disclosure pro-
vides for a method of making a substituted arene, compris-
ng:

R51 R56
R5) R57
/\ \
‘ A
_|_ ——
\/ Ro8 ?
R53 R55
R54
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-continued

R52

R53

R54

wherein A 1s a Rh catalyst or Rh pre-catalyst material (which
can form a Rh catalyst), wherein the Rh catalyst selectively
functionalizes CH bond on the benzene compound, wherein
B 1s an oxidant, wherein R351 to R58 are each independently
selected from the group consisting of: hydrogen, a halide, an
alkyl, an alkenyl, a —O—R', a carbocycle group, a hetero-
cyclo, an aryl, a heteroaryl, —NO,, —C(O)OR', —CN,
S1R',, and —OR', wherein each R' 1s independently selected
from H and an alkyl.

[0007] In an embodiment, the present disclosure provides
for a method of making a substituted arene, comprising;:

R61
R62 R66
_I_
R63 R65
R64
ns;  RS6
RS2 R/
XN
‘ A
B
N R
R53 R55
R54
R61
R66
RS2
R65
RS3

R54

wherein A 1s a Rh catalyst or Rh pre-catalyst material (which
can form a Rh catalyst), wherein the Rh catalyst selectively
functionalizes a CH bond 1n meta and para positions of the
substituted benzene relative to the functional group, wherein
B 1s an oxidant, wherein R31 to R58 are each independently
selected from the group consisting of: hydrogen, a halide, an
alkyl, an alkenyl, a —O—R', a carbocycle group, a hetero-
cyclo, an aryl, a heteroaryl, —NO,, —C(O)OR', —CN,
S1R'3, and —OR', wherein each R' 1s independently selected
from H and an alkyl, wherein R61 to R66 are each inde-
pendently selected from the group consisting of: hydrogen,
a halide, an alkyl, an alkenyl, a —O—R", a carbocycle
group, a heterocyclo, an aryl, a heteroaryl, —NO,, —C(O)
OR", —CN, SiR"; and —OR", wherein each R" 1s indepen-
dently selected from H and an alkyl.

[0008] Inregard to each of the reactions above, the oxidant
1s selected from the group consisting of a copper(Il) salt,
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iodates, periodates, nitrogen oxide, silver salt, peroxide,
dioxygen, copper(l) salt and one or both of dioxygen and atr,
and a combination thereof. In an aspect, the Rh catalyst or
Rh pre-catalyst material (which can form a Rh catalyst) 1s a
composition comprising: a rhodium (I) catalyst having one
of the tollowing tormula: L,Rh(LYX, L,RhX, (L, X, )Rh(L"),
[(L)-Rh(p-X)],, RhX;, [L, Rh (u-X), ], or (L),R;,m (or pre-
cursor thereot) wherein L, 1s selected from: two independent
and neutral first ligands each coordinated to Rh(I) through a
carbon donor, nitrogen donor, a phosphorus donor, an oxy-
gen donor, or a sulfur donor, a neutral bidentate ligand
coordinated to Rh(I) through either a carbon donor, nitrogen
donor, a phosphorus donor, an oxygen donor, or a sulfur
donor, or a combination of the neutral first ligand and the
neutral bidentate ligand; wherein L' 1s a neutral second
ligand coordinated to Rh(I), wherein X 1s a mono-anionic
group, either coordinated to the metal or not, wherein L, 1s
a tridentate first ligand coordinated to Rh(I) in a k¥* or K’
tashion through a carbon donor, a nitrogen donor, a phos-
phorus donor, an oxygen donor, a sulfur donor, or a com-
bination thereof, wherein L, X, 1s a monoanionic bidentate
or tridentate second ligand coordinated to Rh(I) in a k* or K°
tashion through a carbon donor, a nitrogen donor, a phos-
phorus donor, an oxygen donor, a sulfur donor, or a com-
bination thereof, wherein L 1s a neutral, two-electron donat-
ing third ligand coordinated to Rh(I), and wheremn y 1s 1 to
4, mi1s 1 to 4 and n 1s 3(m). In an aspect, the ratio of the
benzene to styrene 1s about 1:100 to 1000:1, wherein the
amount of Rh catalyst 1s about 20 mol % to 0.000000001
mol %, wherein the amount of oxidant 1s about 2 to 10,000

equivalents relative to Rh catalyst. In an aspect, the reaction
temperature 1s about 125-205° C. for about 1 to 72 hours.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] Further aspects of the present disclosure will be
more readily appreciated upon review of the detailed
description of 1ts various embodiments, described below,
when taken 1n conjunction with the accompanying drawings.
[0010] FIGS. 1A-C illustrate stilbene synthesis via tran-
sition-metal catalyzed arene alkenylation between arenes
and vinylarenes. FIG. 1A 1llustrates current synthetic strat-
egies for the preparation of stilbene and stilbene derivatives.
For instances where an “R” group (in any of the Figures,
Tables or schematics or elsewhere in the application) is
shown as bonded to the middle of a ring (e.g., of an arene),
such as shown 1n FIG. 1A, then the R group can be bonded
to any C on the ring that would otherwise be bonded to H or
multiple R groups can be bonded to diflerent C on the ring
that would otherwise be bonded to H. FIG. 1B illustrates
acrobic arene alkenylation catalyzed by Rh via a C—H
activation pathway. FIG. 1C illustrates a proposed catalytic
cycle for late transition metal-catalyzed oxidative arene
alkenylation, 1n which Cu(Il) 1s used as the 1n situ oxidant,
to produce stilbene and stilbene derivatives.

[0011] FIGS. 2A and B 1illustrate Rh-catalyzed direct syn-
thesis of bioactive molecules. FIG. 2A illustrates the syn-
thesis of resveratrol and DMU-212. Yields are i1solated.
Conditions: (i): 0.25 mol % [Rh(p-OAc)(m>-C,H,),], (1)
(0.5 mol % based on rhodium), 160 equiv. copper(ll) piva-
late, 800 equiv. pivalic acid, 60 psig N,, 15 psig air, 5 mL
arene as solvent, 500 umol of 4-vinylanisole, 1335° C., 96
hours, reactors were open to air every 24 hours; (1) BBr;,
0-30° C., quant, overnight. FIG. 2B illustrates building
blocks for synthesis of future pharmaceutically relevant
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molecules that can be catalytically coupled using the rho-
dium catalyzed arene alkenylation.

[0012] FIGS. 3A-C illustrate the difference between rho-
dium and palladium catalysis. FIG. 3A illustrates the regi-
oselectivity differences “ [Rh]=0.5 [Rh(n-OAc)(m*-C,H,),]-
(1) and [Pd]=Pd(OAc), (4). * Amounts of Cu(Il) pivalate
and pivalic acid are relative to [M]. © Reaction tempera-
ture=135° C. FIG. 3B illustrates bioactive molecule synthe-
s1s that benefit from the selectivity diflerences between Rh
and Pd. FIG. 3C illustrates the differences between Pd and
Rh catalysis for C—X vs. C—H bond activation (X—Cl, Br,

I).

[0013] FIGS. 4A-C illustrate Schemes 1-3, respectively.
DETAILED DESCRIPTION

[0014] Before the present disclosure 1s described 1n greater

detail, 1t 1s to be understood that this disclosure 1s not limited
to particular embodiments described, as such may, of course,
vary. It 1s also to be understood that the terminology used
herein 1s for the purpose of describing particular embodi-
ments only, and 1s not mtended to be limiting, since the
scope of the present disclosure will be limited only by the
appended claims.

[0015] Where a range of values 1s provided, 1t 1s under-
stood that each intervening value, to the tenth of the unit of
the lower limit (unless the context clearly dictates other-
wise), between the upper and lower limit of that range, and
any other stated or intervening value 1n that stated range, 1s
encompassed within the disclosure. The upper and lower
limits of these smaller ranges may independently be
included 1n the smaller ranges and are also encompassed
within the disclosure, subject to any specifically excluded
limait 1n the stated range. Where the stated range includes one
or both of the limits, ranges excluding either or both of those
included limits are also included 1n the disclosure.

[0016] Unless defined otherwise, all technical and scien-
tific terms used herein have the same meaning as commonly
understood by one of ordinary skill in the art to which this
disclosure belongs. Although any methods and matenals
similar or equivalent to those described herein can also be
used 1n the practice or testing of the present disclosure, the
preferred methods and materials are now described.

[0017] As will be apparent to those of skill in the art upon
reading this disclosure, each of the individual embodiments
described and 1llustrated herein has discrete components and
features which may be readily separated from or combined
with the features of any of the other several embodiments
without departing from the scope or spirit of the present
disclosure. Any recited method can be carried out in the
order of events recited or 1n any other order that 1s logically
possible.

[0018] FEmbodiments of the present disclosure will
employ, unless otherwise indicated, techniques of chemistry,
inorganic chemistry, synthetic chemistry, and the like, which
are within the skill of the art. Such techniques are explained
tully 1n the literature.

[0019] The following description and examples are put
forth so as to provide those of ordinary skill 1n the art with
a complete disclosure and description of how to perform the
methods and use the compositions and compounds disclosed
and claimed herein. Efforts have been made to ensure
accuracy with respect to numbers (e.g., amounts, tempera-
ture, etc.), but some errors and deviations should be
accounted for. Unless indicated otherwise, parts are parts by
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weilght, temperature 1s 1n © C., and pressure 1s 1n bar or psig.
Standard temperature and pressure are defined as 25° C. and
1 bar.

[0020] Before the embodiments of the present disclosure
are described 1n detail, it 1s to be understood that, unless
otherwise 1ndicated, the present disclosure 1s not limited to
particular materials, reagents, reaction materials, manufac-
turing processes, or the like, as such can vary. It 1s also to be
understood that the terminology used herein 1s for purposes
of describing particular embodiments only, and 1s not
intended to be limiting. It 1s also possible 1n the present
disclosure that steps can be executed 1n different sequence
where this 15 logically possible. Diflerent stereochemistry 1s
also possible, such as products of cis or trans orientation
around a carbon-carbon double bond or syn or ant1 addition
could be both possible even 11 only one 1s drawn in an
embodiment.

[0021] It must be noted that, as used 1n the specification
and the appended claims, the singular forms “a,” “an,” and
“the” include plural referents unless the context clearly
dictates otherwise. Thus, for example, reference to “a sup-
port” includes a plurality of supports. In this specification
and 1n the claims that follow, reference will be made to a
number of terms that shall be defined to have the following
meanings unless a contrary intention 1s apparent.

Definitions

[0022] By “chemically {feasible” 1s meant a bonding
arrangement or a compound where the generally understood
rules of organic structure are not violated. The structures
disclosed herein, 1n all of their embodiments are intended to
include only “chemically feasible” structures, and any
recited structures that are not chemically feasible, for
example 1n a structure shown with variable atoms or groups,
are not intended to be disclosed or claimed herein. However,
if a bond appears to be intended and needs the removal of a
group such as a hydrogen from a carbon, the one of skill
would understand that a hydrogen could be removed to form
the desired bond.

[0023] The term “substituted” refers to any one or more
hydrogen atoms on the designated atom (e.g., a carbon atom)
that can be replaced with a selection from the indicated
group (e.g., halide, hydroxyl, alkyl, and the like), provided
that the designated atom’s normal valence 1s not exceeded.
As used herein, the term “optionally substituted” typically
refers to from zero to four substituents, wherein the sub-
stituents are each independently selected. Each of the inde-
pendently selected substituents may be the same or diflerent
than other substituents. For example, the substituents (e.g.,
an R type group) of a formula may be optionally substituted
(e.g., from 1 to 4 times) with independently selected H,
halogen, hydroxy, acyl, alkyl, alkenyl, alkynyl, cycloalkyl,
heterocyclo, aryl, heteroaryl, alkoxy, amino, amide, thiol,
sulfone, sulfoxide, oxo, oxy, nitro, carbonyl, carboxy, amino
acid sidechain, amino acid, etc. In an embodiment, substi-
tuted includes substitution with a halogen.

[0024] As used herein, a “derivative” of a compound
refers to a chemical compound that may be produced from
another compound of similar structure 1n one or more steps,
as 1n replacement of H by an alkyl, acyl, amino group, etc.
[0025] As used herein, “aliphatic” or “aliphatic group”
refers to a saturated or unsaturated, linear or branched,
cyclic (non-aromatic) or heterocyclic (non-aromatic),
hydrocarbon or hydrocarbon group, where each can be
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substituted or unsubstituted, and encompasses alkyl, alk-
enyl, and alkynyl groups, and alkanes, alkene, and alkynes,
for example, substituted or unsubstituted.

[0026] As used herein, “alkane” refers to a saturated
aliphatic hydrocarbon which can be straight or branched,
having 1 to 40, 1 t0 20, 1 to 10, or 1 to 5 carbon atoms, where
the stated range of carbon atoms includes each intervening
integer 1ndividually, as well as sub-ranges. Examples of
alkane include, but are not limited to methane, ethane,
propane, butane, pentane, and the like. Reference to
“alkane” includes unsubstituted and substituted forms of the
hydrocarbon moiety.

[0027] As used herein, “alkyl” or “alkyl group” refers to
a saturated aliphatic hydrocarbon, which can be straight or
branched, having 1 to 40, 1 to 20, 1 to 10, or 1 to 5 carbon
atoms, where the stated range of carbon atoms includes each
intervening integer individually, as well as sub-ranges.
Examples of alkyl groups include, but are not limited to
methyl, ethyl, n-propyl, 1-propyl, n-butyl, s-butyl, t-butyl,
n-pentyl, and s-pentyl. Reference to “alkyl” or “alkyl group™
includes unsubstituted and substituted forms of the hydro-
carbon moiety.

[0028] As used herein, “alkene™ (also referred to as an
“olefin™) refers to an aliphatic hydrocarbon which can be
straight or branched, containing at least one carbon-carbon
double bond, having 2 to 40, 2 to 20, 2 to 10, or 2 to 5 carbon
atoms, where the stated range of carbon atoms includes each
intervening integer individually, as well as sub-ranges.
Examples of alkene groups include, but are not limited to,
cthylene, propylene, 1-pentene, 1-hexene, 1sobutene and the
like. Reference to “alkene” includes unsubstituted and sub-
stituted forms of the hydrocarbon moiety.

[0029] As used herein, “alkenyl” or “alkenyl group” refers
to an aliphatic hydrocarbon, which can be straight or
branched, containing at least one carbon-carbon double
bond, having 2 to 40, 2 to 20, 2 to 10, or 2 to 5 carbon atoms,
where the stated range of carbon atoms includes each
intervening integer individually, as well as sub-ranges.
Examples of alkenyl groups include, but are not limited to,
cthenyl, propenyl, n-butenyl, i-butenyl, 3-methylbut-2-enyl,
n-pentenyl, heptenyl, octenyl, decenyl, and the like. Refer-
ence to “alkyl” or “alkyl group” includes unsubstituted and
substituted forms of the hydrocarbon moiety.

[0030] As used herein, “alkyne” refers to straight or
branched chain hydrocarbon groups having 2 to 40, 2 to 20,
2 to 10, or 2 to 5 carbon atoms and at least one triple carbon
to carbon bond. Reference to “alkyne™ includes unsubsti-
tuted and substituted forms of the hydrocarbon moiety.

[0031] As used herein, “alkynyl” or “alkynyl group™ refers
to straight or branched chain hydrocarbon groups having 2
to 40, 2 to 20, 2 to 10, or 2 to 5 carbon atoms and at least
one triple carbon to carbon bond, such as ethynyl. Reference
to “alkynyl” or “alkynyl group” includes unsubstituted and
substituted forms of the hydrocarbon moiety.

[0032] The term “carbocycles” refers to a monocyclic or
multicyclic ring system of about 5 to about 40 or about 5 to
34 carbon atoms, preferably of about 6 to about 10 carbon
atoms, where the carbocycle can be saturated or unsaturated.
In an embodiment, the carbocycle can be aromatic or
non-aromatic. In an embodiment, carbocycle can refer to an
aryl group. Exemplary carbocycles can refer to functional
groups such as phenyl and naphthyl. Reference to carbo-
cycles includes substituted or unsubstituted carbocycles.
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[0033] As used herein, “aromatic” refers to a monocyclic
or multicyclic ring system of 5 to 20 or 5 to 10 carbon atoms
having alternating double and single bonds between carbon
atoms. Exemplary aromatic groups include benzene, naph-
thalene, alkyl arene, cyclopentadienyl and the like. Refer-
ence to “aromatic” includes unsubstituted and substituted
forms of the hydrocarbon moiety.

[0034] As used herein, “aryl” or “aryl group” refers to an
aromatic monocyclic or multicyclic ring system of 5 to 20 or
5 to 10 carbon atoms. The aryl 1s optionally substituted with
one or more C,-C,, alkyl, alkylene, alkoxy, or haloalkyl
groups. Exemplary aryl groups include phenyl or naphthyl,
or substituted phenyl or substituted naphthyl. Reference to
“aryl” or “aryl group” includes unsubstituted and substituted
forms of the hydrocarbon moiety.

[0035] As used herein, “halo™, “halogen”, “halide”, or
“halogen radical” refers to a fluorine, chlorine, bromine,
10dine, and astatine, and radicals thereof. Further, when used
in compound words, such as “haloalkyl” or “haloalkenyl”,
“halo” refers to an alkyl or alkenyl radical in which one or
more hydrogens are substituted by halogen radicals.
Examples of haloalkyl include, but are not limited to,
tritfluoromethyl, trichloromethyl, pentatluoroethyl, and pen-
tachloroethyl.

[0036] As used herein, “cyclic” hydrocarbon refers to any
stable 4, 5, 6, 7, 8, 9, 10, 11, or 12 membered, (unless the
number ol members 1s otherwise recited), monocyclic, bicy-
clic, or tricyclic cyclic ring.

[0037] As used herein, “heterocycle” refers to any stable
4,5,6,7,8,9,10, 11, or 12 membered, (unless the number
of members 1s otherwise recited), monocyclic, bicyclic, or
tricyclic heterocyclic, and the like ring that 1s saturated or
partially unsaturated, and which includes carbon atoms and
1, 2, 3, 4 or more heteroatoms independently selected from
the group consisting of N, P, O, and S. If the heterocycle 1s
defined by the number of carbons atoms, then from 1, 2, 3,
4 or more of the listed carbon atoms are replaced by a
heteroatom. If the heterocycle 1s bicyclic or tricyclic, then at
least one of the two or three rings must contain a heteroatom,
though both or all three may each contain one or more
heteroatoms. The N group may be N, NH, or N-substituent,
depending on the chosen ring and 11 substituents are recited.
The P group may be P, PH, or P-substituent, depending on
the chosen ring and 1f substituents are recited. The nitrogen
and sulfur heteroatoms optionally may be oxidized (e.g., S,
S(0), S(O),, and N—O). The heterocycle may be attached
to i1ts pendant group at any heteroatom or carbon atom that
results 1 a stable structure. The heterocycles described
herein may be substituted on carbon or on a heteroatom 1t
the resulting compound 1s stable. In an embodiment, the
heterocycle can include furan, pyrrole, thiophene, benzo-
furan, indole, benzothiophene, pyridine, quinoline, 1soqui-
noline, oxazole, benzoxazole, 1soxazole, triazole, pyrroline,
pyrrolidine, imidazole, imidazoline, pyrazole, pyran, piperi-
dine, dioxane, morpholine, pyrimidine, pyridazine, pyra-
zine, 1indolizidine, 1soindole, 1ndoline, benzimidazole, car-
bazole, thiazole, each of which can be substituted or
unsubstituted.

[0038] “‘Heteroaryl” refers to any stable 5, 6, 7, 8, 9, 10,
11, or 12 membered, (unless the number of members is
otherwise recited), monocyclic, bicyclic, or tricyclic hetero-
cyclic nng that 1s aromatic, and which consists of carbon
atoms and 1, 2, 3, 4 or more heteroatoms i1ndependently
selected from the group consisting of N, O, and S. If the

Jul. 27, 2023

heteroaryl 1s defined by the number of carbons atoms, then
1, 2,3, 4 or more of the listed carbon atoms are replaced by
a heteroatom. If the heteroaryl group 1s bicyclic or tricyclic,
then at least one of the two or three rings must contain a
heteroatom, though both or all three may each contain one
or more heteroatoms. If the heteroaryl group 1s bicyclic or
tricyclic, then only one of the rings must be aromatic. The
N group may be N, NH, or N-substituent, depending on the
chosen ring and 1f substituents are recited. The nitrogen and
sulfur heteroatoms may optionally be oxidized (e.g., S,
S(0O), S(0O),, and N—O). The heteroaryl ring may be
attached to 1ts pendant group at any heteroatom or carbon
atom that results 1n a stable structure. The heteroaryl rings
described herein may be substituted on carbon or on a
nitrogen atom 1f the resulting compound is stable. In an
embodiment, the heteroaryl ring can include furanyl, pyra-
nyl, thienyl, imidazyl, pyrrolyl, pyridyl, pyrazolyl, pyrazi-
nyl, pyrimidinyl, indolyl, quinolyl, 1soquinolyl, quinoxalyl,
and quinazolinyl. Preferred examples are furanyl, imidazyl,
pyranyl, pyrrolyl, and pyridyl.

[0039] The term “heteroatom™ means for example oxygen,
sulfur, nitrogen, phosphorus, or silicon (including, any oxi-
dized form of nitrogen, sulfur, phosphorus, or silicon; the
quaternized form of any basic nitrogen or; a substitutable
nitrogen of a heterocyclic ring).

[0040] The term “bicyclic” represents either an unsatu-
rated or saturated stable 7- to 18-membered bridged or fused
bicyclic carbon ring. The bicyclic ring may be attached at
any atom which affords a stable structure. The term 1ncludes,
but 1s not limited to, naphthyl, dicyclohexyl, dicyclohex-
enyl, and the like.

[0041] The term “cyano” refers to a —CN moiety.

[0042] The term “nitrile” refers to R'—CN, where R' 1s
selected from an alkyl, an alkenyl, a carbocycle group, a
heterocyclo, an aryl, or a heteroaryl.

[0043] The term “1mine” refers to R'1-N—CR"R"™, where
R', R", and R" are each independently selected from an
alkyl, an alkenyl, a carbocycle group, a heterocyclo, an aryl,
or a heteroaryl.

[0044] The term “ether” refers to R'OR", where R' and R"

are each independently selected from an alkyl, an alkenyl, a
carbocycle group, a heterocyclo, an aryl, or a heteroaryl.

[0045] The term “ketone” refers to O—CR'R", where R’
and R" are each independently selected from an alkyl, an
alkenyl, a carbocycle group, a heterocyclo, an aryl, or a
heteroaryl.

[0046] The term “phosphine™ refers to PH;, or trisubsti-
tuted phosphorus atoms such as triphenylphosphine.

[0047] The term “‘sulfur based ligand” refers to R'SR" or

R'S or other combinations 1 which sulfur 1s incorporated
into a ligand, either bound to the metal or not.

[0048] The term “silyl” refers to —S1R', or —S1R", where
R' or R" are each independently selected from an alkyl, an
alkenyl, a carbocycle group, a heterocyclo, an aryl, or a
heteroaryl.

[0049] As used herein, the term “purified” and like terms
relate to an enrichment of a molecule or compound relative
to other components normally associated with the molecule
or compound in a native environment. The term “purified”
does not necessarily indicate that complete purity of the
particular molecule has been achieved during the process. A
“highly purified” compound as used herein refers to a
compound that 1s greater than 90% pure.
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(general Discussion

[0050] Arene alkenylation 1s commonly achieved by late
transition metal-mediated C(sp”)-C(sp”) cross-coupling, but
this strategy typically requires pre-functionalized substrates
(e.g., with halides or pseudo-halides) and/or the presence of
a directing group on the arene. Transition metal-mediated
arene C—H activation and alkenylation that does not require
a directing group, but that can tolerate directing groups,
offers an alternative method to functionalize arene sub-
strates.

[0051] The present disclosure provides for a rhodium-
catalyzed oxidative arene alkenylation from arenes and
styrenes to prepare stilbene and stilbene derivatives. In
aspects, the reaction can be performed using a variety of
functional groups on both the arene and the olefin. Example
1 provides illustrations of the versatility of the present
disclosure. In one aspect, reactions of mono-substituted
arenes are selective for alkenylation at the meta and para
positions, generally with approximately 2:1 selectivity,
respectively. In this regard, Resveratrol and (E)-1,2,3-
trimethoxy-5-(4-methoxystyryl)benzene (DMU-212) can be
synthesized by this single-step approach in high yield. In
addition, example 1 shows that 1n a comparison with palla-
dium catalysis, rhodium catalysis 1s more selective for
meta-tunctionalization for mono-substituted arenes, and that
the Rh catalysis has better tolerance of halogen groups.
Additional details are provided 1n Example 1.

[0052] The present disclosure provides for method of
making arenes or substituted arenes, 1n particular stilbene
and stilbene derivatives, from a reaction of an optionally
substituted arene and/or optionally substituted styrene. The
reaction includes a Rh catalyst or Rh pre-catalyst material
(which can form the Rh catalyst during the reaction) and an
oxidant, where the Rh catalyst or Rh catalyst formed Rh
pre-catalyst matenal selectively functionalizes CH bond on
the arene compound (e.g., benzene or substituted benzene).
In one aspect, the method of making a substituted arene can
be shown in the following reaction scheme:

‘ ‘/\/\

X
N

)

A

_h..

B

{

A N N X

F s

A 1s a Rh catalyst or Rh pre-catalyst material and where B
1s an oxidant.

[0053] In another aspect, the method of making a substi-
tuted arene can be shown 1n the following reaction scheme:

R51 R56
R5) R57
/\ \
‘ A
_|_ ——
\/ Ro8 ?
R53 R55
R54
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-continued
R51 R56
R5? R57
AN ‘ X
\/ '
R53 R535
R54

[0054] A 1s a Rh catalyst or Rh pre-catalyst matenial and
where B 1s an oxidant. R51 to R58 can each be indepen-
dently selected from the group consisting of hydrogen, a
halide, an alkyl, an alkenyl, a —O—R', a carbocycle group,
a heterocyclo, an aryl, a heteroaryl, —NO,, —C(O)OR’,
—CN, SiR';, and —OR'. Each R' 1s independently selected
from H and an alkyl. In an aspect, R36-R38 can be selected
from the group consisting of: H and an alkyl.

[0055] In another aspect, the method of making a substi-
tuted arene can be shown 1n the following reaction scheme:

R61
R62 R66
_|_
R63 R65
R64
nsy  RS56
RS2 R57
\ \
‘ A
B
A\ R58
R53 R55
R54
R61
R66
RS2
R65
RS3

R54

[0056] A 1s a Rh catalyst or Rh pre-catalyst material and
where B 1s an oxidant. The Rh catalyst (or the Rh catalysts
from the Rh pre-catalyst material) can selectively function-
alize a CH bond 1n meta and para positions of the substituted
benzene relative to the functional group. The selectivity for
meta and para (combined) 1s generally >90% and often
quantitative, with the meta/para ratio generally and approxi-
mately 2:1. R51 to R58 can each be independently selected
from the group consisting of: hydrogen, a halide, an alkyl,
an alkenyl, a —O—R", a carbocycle group, a heterocyclo, an
aryl, a heteroaryl, —NO,, —C(O)OR', —CN, SiR';, and
—OR'. Each R' 1s independently selected from H and an
alkyl. In an aspect, R56-R58 can be selected from the group
consisting of: H and an alkyl. R61 to R66 can each be
independently selected from the group consisting of: hydro-
gen, a halide, an alkyl, an alkenyl, a —O—R", a carbocycle
group, a heterocyclo, an aryl, a heteroaryl, —NO,, —C(O)
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OR", —CN, S1R"; and —OR", wherein each R" 1s indepen-
dently selected from H and an alkyl, where at least one group
R61-R66 1s a H atom.

[0057] Each of the reactions can be conducted in a single
container (e.g., “one pot synthesis™). In an embodiment,
cach of the reactions can be conducted at a temperature of
about 100-250° C. or 135-165° C., while the reaction time
for each can be about 5 mins to 5 days, about 12 to 36 hours,
or about 24 hours. In an embodiment, the ratio of the
optionally substituted arene to optionally substituted styrene
can be about 1:100 to 1000:1 or about 1:100 to 100:1. In an
embodiment the amount of catalyst can be about 20 mol %
to 0.000000001 mol % or 10 mol % to 0.000000001 mol %.
In an embodiment, the amount of oxidant can be about 2 to
100,000 equivalents, about 2 to 10,000 equivalents, or about
2 to 1000 equivalents relative to catalyst.

[0058] In addition to the Rh catalyst or Rh pre-catalyst
material and the oxidant, the following materials can be
included 1n the reaction: solvent (e.g., carboxylic acid,
pentane, cyclohexane, hexanes, dioxanes, tetrahydrofuran,
etc.), arr (e.g., at ambient to 5000 psi1), N, (e.g., at ambient
to 5000 psi1), and carboxylic acid.

[0059] In an embodiment, the products (e.g., arenes or
substituted arenes such as stilbene and stilbene derivatives)
can be produced with about 50, 60, 70, 80, 90, 91, 92, 93,
94, 95, 96, 97, 98, or 99, each up to 100% selectivity (e.g.,
about 50 to 100%). In particular, the Rh catalyst can
selectively functionalize a CH bond in meta and para
positions relative to the ortho position for the substituted
benzene relative to the functional group(s) when present. In
an embodiment, the yield 1s high relative to oxidant. In one
aspect the yield 1s about 50, 60, 70, 80, or 90, each up to
100% (e.g., about 30 to 100%, about 70 to 100%, or about
80 to 100%). In an embodiment, the product can be pro-
duced with high selectivity (e.g., about 70% to 100%) and
with a high yield relative to oxidant (e.g., about 50% to
100%).

[0060] In an embodiment, the oxidant can be represented
as A_X . In an embodiment, “A” can represent an element
or combination of elements capable of maintaining a formal
positive charge. In an embodiment A_X . can be a salt such
as a halide salt (e.g., CuCl,). In an embodiment, “A” can be:
a transition metal or redox-active main-group metal. In an
embodiment, X can be a halide such as chloride, bromide,
10odide, an acetate, a trifluoroacetate, a pivalate, and the like.
In an embodiment, subscript “a” can represent the oxidation
state of “X” and subscript “n” can represent the oxidation
state of “A”. In an embodiment A_X . can be: CuCl,, CuBr.,,
Cu(OAc),, FeCl,, Fe(OAc),, AgCl, Mn(Cl,, 10,7, 10,7,
NO,, MnCl,, etc. In an embodiment, the oxidant can be
recyclable using air or purified oxygen. In an embodiment,
the air-recyclable oxidant can include a copper(1l) salt (e.g.,
CuX,), 1odates, periodates, nitrogen dioxide, silver salts,
peroxide, dioxgen, wron(IIl) salts, and the like as well as
copper(l) salts and one or both of dioxygen and air. These
compounds are available for purchase from commercial
suppliers, can be prepared from reported procedures, can be
prepared 1n situ by reaction of elements with halogen

sources and from natural saline solutions.

[0061] Inan embodiment, the Rh(I) catalyst (as well as the
Rh catalyst formed from the Rh per-catalyst material) can

have one of the following formula: L,Rh(LLY)X, L;RhX,
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(L, X Rh(L'), [(L),Rh(u-X)],, RhX;, [L,Rh(u-X),], or
(L), Rh_, (or precursor materials thereof 1n regard to the Rh
re-catalyst materal).

[0062] In an embodiment, L., can be selected from: a) two
independent and neutral first hgands coordinated to Rh(I)
through a carbon donor, a mitrogen donor, a phosphorus
donor, an oxygen donor, a sulfur donor, or combination of
these donors, b) a neutral bidentate ligand coordinated to
Rh(I) through a nitrogen donor, a phosphorus donor, an
oxygen donor, a sulfur donor, or combination of these
donors, or ¢) a combination of the neutral ligand and the
neutral bidentate ligand.

[0063] In an embodiment, when L, 1s selected from two
independent and neutral ligands coordinated to the Rh(I), the
neutral ligands can include: an amine (e.g., ammonia, ani-
line, triethylamine) a pyridine (e.g., pyridine or a substituted
pyridine such as 4-methylpyridine), a phosphine (e.g., trim-
cthylphosphine, triphenylphosphine), a phosphite (e.g.,
trimethylphosphite or triphenylphosphite), other phosphine-
based ligands (e.g., phospholes, cyclic phosphites, N-het-
erocyclic phospheniums, phosphine oxides), an ether (e.g.,
diethyl ether, dipheny ether, methyl ethyl ether), a ketone or
aldehyde (e.g., acetone, benzaldehyde), and an imine.

[0064] In an embodiment, when the L, i1s the neutral
bidentate ligand coordinated to the Rh(1I), the neutral biden-
tate ligand can include: a bipyridine (e.g., 2,2'-bipyridyl), a
diamine (e.g. 1,2-diaminopropane, phenylenediamine), a
bipyrimidine (e.g. 2,2'-bipyrimidine, 3,5'-bipyrimidine), a
bisoxazoline (e.g. BOX, PyBOX), a diphosphine (e.g. 1,2-
bis(dimethylphosphino)ethane, 1,2-bis(diphenylphosphino)
cthane), a phosphinamine (e.g. DavePhos), a phoshinimine
(e.g., (2-phosphanylphenyl)methanimine), an 1midate (e.g.
cthyl benzimidate, N-Methylbenzamide), a bispyrazole (e.g.
1,1'-bipyrazole, bispyrazoleborate), and a bisimidazole (e.g.
2,2'-b1s(4,5-dimethylimidazole), 1,2-bis(imidazole-1-yl)eth-
ane).

[0065] In an embodiment, L' can be a neutral second
ligand coordinated to Rh(I). In an embodiment, the neutral
second ligand can include: an olefin (e.g., ethene, propyl-
ene), an 1mine (e.g. N,1,1-triphenylmethanimine), an ether
(e.g., diethyl ether, diphenyl ether, methyl ethyl ether), a
nitrile (e.g., acetonitrile, benzonitrile), a ketone or aldehyde
(e.g., acetone, benzaldehyde), water, a sulfur based ligand
(e.g., dimethylsulfide), and a phosphine (e.g., trimethylphos-
phine, triphenylphosphine).

[0066] In anembodiment, X can be a mono-anionic group,
either coordinated to the metal or not. In an embodiment, the
mono-anionic group can be: a halide, an alkyl, an alkenyl, a
carbocycle group, a heterocyclo, an aryl, a heteroaryl, and an
acetate.

[0067] In an embodiment, L., can be a tridentate first
ligand coordinated to Rh(I) in a ¥ or k~ fashion through a
carbon donor, a nitrogen donor, a phosphorus donor, an
oxygen donor, a sulfur donor, or a combination thereof. In an
embodiment, the tridentate first ligand can be: a terpyridine,
a pyridyl diimine, a triphosphine, a diphosphine 1mine, a
bis(phosphino)pyridine, a tris(pyrazolyl)alkane, a tris(ethyl-
enediamine), a trithiolate, a trithiolene, a bis(imino)iuran,
and the like.

[0068] In an embodiment, [, X, can be a monoanionic
bidentate or tridentate second ligand coordinated to Rh(I) in
a K~ or x> fashion through a carbon donor, a nitrogen donor,
a phosphorus donor, an oxygen donor, a sulfur donor, or a
combination thereof. In an embodiment, the monoanionic
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bidentate or tridentate second ligand, can be: diphosphino
aryl, imidates, diketiminates, trispyrazolylborate, trisimida-
zoles, pyridine aryl imidazoles, tris(pyrazolyl)borates, and

the like.

[0069] In an embodiment, L can be a neutral, two-electron
donating third ligand coordinated to Rh(I). In an embodi-
ment, the neutral third ligand 1s selected from the group
consisting of: an olefin, an 1mine, an ether, a nitrile, a ketone,
water, a sulfur based ligand, a phosphine, a phosphine-based
ligand, an N-heterocyclic carbene.

[0070] In an embodiment, v can be 1 to 4, m can be 1 to
4 and n 1s 3(m) (e.g., 3, 6, 9, 12).

[0071] In an embodiment and i1n addition to those
described above, the Rh(I) catalyst can have the following
formula:

/A
i <
Ro \Az/

In an embodiment, A, and A, can each be independently
selected from: a halogen, an acetate group, a sulfur-based
ligand, a carbon-based ligand (e.g., alkyl, carbene, carbo-
nyl), hydroxyl or alkyloxy, oxide or bridging ligands based
on nitrogen, phosphorus or hydrogen (e.g., amido, phos-
phide, phosphido, nitride, hydride). In an embodiment, R,
R,,, R4, or R, can each be independently selected from: an
alkyl, an aryl, an acetate, a cyano group, an olefin, an imine,
an cther, a mitrile, a ketone, water, a sulfur based ligand, a
phosphine, an N-heterocyclic carbene, or other neutral
ligands. In an embodiment, the Rh(I) catalyst can be:

AN
N

[0072] In an embodiment, the Rh(I) catalyst can have the
tollowing structure:

Z />

R4—Q1\ /Qz_R3-

\
Rl/ R,

In an embodiment, O, and QQ, can be independently selected
from: N, O, P, S, C, or S1. In an embodiment, 7, and Z, can
be independently selected from: a halide, an alkyl, an
alkenyl, a carbocycle group, a heterocycle, an aryl, a het-
croaryl, an acetate, or related substituents (e.g., carboxy-
lates, amines, phosphides, nitrogen-based, phosphorous-
based, silicon-based). Optionally, Z, and 7, can joined
together with a bond to form a 4, 5, 6, 7, 8 or 9-membered
ring.
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[0073] Inan embodiment, R, and R, can be independently
selected from: a radical group such as hydrogen, an alkyl, an
aryl, an acetate, or a cyano group, or a neutral group such as
an olefin, an 1mine, an ether, a nitrile, a ketone, water, a
sulfur based ligand, a phosphine, N-heterocyclic carbene, or
other neutral ligand (e.g., heteroaryl, amines). In an embodi-
ment, R; and R, can be independently selected from: a
halide, an alkyl, an alkenyl, a carbocycle group, a hetero-
cycle, an aryl, a heteroaryl, an acetate, a cyano group, and
other related substituent (e.g., phosphorus- and/or sulfur-
based substituents).

[0074] In an embodiment, the Rh(I) catalyst can have the
following structure:

D
R4_Q1~. /Qz—R3-
Rh\
Rl/ R,

In an embodiment, X, can be selected from: —(CRs55y) —
—(CRj5),—, —=(CR5CRg5))s— =CR;CR¢—, and the like.
In an embodiment, R and R can be independently selected
from: hydrogen, a halide, an alkyl, an alkenyl, a carbocycle
group, a heterocyclo, an aryl, a heteroaryl, an acetate, a
cyano group, or related substituent. In an embodiment, each
of g, r, and s are independently selected from 1 to 6.

[0075] In an embodiment, the Rh(I) catalyst can have the
following structure:

Rs R
R4—0Q N >Q2— R3
Rh\
Rl R2

[0076] In an embodiment, the Rh(I) catalyst can be one of
the following:

N— C5F5, or
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-continued

T
C-0-0

\
TFA/ NCMe

[0077] In an embodiment, the Rh(I) catalyst can have the
tollowing formula:

In an embodiment, Q,, (., and Q. can be independently
selected from: N, O, P, S, C or S1. In an embodiment, Z and
7., can be independently selected from: a halide, an alkyl, an
alkenyl, a carbocycle group, a heterocyclo, an aryl, a het-
eroaryl, an acetate, a cyano group, or related substituent. In
an embodiment, optionally, Z, and Z, can joined together
with a bond to form a 5, 6, or 7-membered ring. “a” on the
rings 1ndicates that the bond can be a single or double bond
depending upon Q; and Q..

[0078] In an embodiment, R,, and R,, can be indepen-
dently selected from: a radical such as hydrogen, an alkyl, an
aryl, an acetate, or a cyano group, or a neutral moiety such
as an olefin, an 1imine, an ether, a nitrile, a ketone, water, a
sulfur based ligand, a phosphine, an N-heterocyclic carbene,
or other neutral ligand. In an embodiment, R, ,, R, 3, R, R, -,
and R, . can each be independently selected from: a halide,
an alkyl, an alkenyl, a carbocycle group, a heterocyclo, an
aryl, a heteroaryl, an acetate, a cyano group, or related
substituent. In an embodiment, optionally, R, and R,,, or
R,.,,orR,,,orR,,,R,,, and R, can be joined together with
a bond(s) to form a 5, 6, or 7-membered ring. In an
embodiment, optionally, R, ,and R, ;,orR,;and R, ,,or R, ,,
R, ;, and R, 4 can be joined together with a bond(s) to form
a 5, 6, or 7-membered ring.

[0079] In an embodiment, the Rh(I) catalyst can have the
tollowing formula:

In an embodiment, X, can be selected from: —(CR5 ;) —,
—(CRj5),—, =(CR5CR¢»))s—, =CRs;CR4—, and the like.
In an embodiment R and R, can each be independently
selected from: hydrogen, a halide, an alkyl, an alkenyl, a
carbocycle group, a heterocyclo, an aryl, a heteroaryl, an
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acetate, a pivalate, a hexanoate, and the like. In an embodi-
ment, each of QQ, R, and S can be independently selected
from 1 to 6. “a” on the rings 1ndicates that the bond can be
a single or double bond depending upon Q, and Q,.

[0080] In an embodiment, the Rh(I) catalyst can have the
following formula:

[0081] In an embodiment, the Rh(I) catalyst can include:

/

\

\
" \H/\N

N\

or

Py Py

Cl

[0082] Inregard to an aspect of the present disclosure, the
Rh pre-catalyst, the Rh pre-catalyst can be a rhodium
material that 1s isoluble but can release the active catalyst
under reaction conditions. In an aspect, the Rh pre-catalyst
can be Rh nanoparticles (e.g., about 5 to 500 nm in diameter
or longest dimension) on a support (e.g., a metal oxide or
carbon-based material as well as other similar supports that
serve the same function as these do) or a single atom Rh
material on a support (e.g., a zeolite materials as well as
other similar supports that serve the same function as these

do).

EXAMPLES

[0083] Now having described the embodiments of the
disclosure, 1n general, the examples describe some addi-
tional embodiments. While embodiments of the present
disclosure are described 1n connection with the example and
the corresponding text and figures, there 1s no 1ntent to limit
embodiments of the disclosure to these descriptions. On the
contrary, the intent 1s to cover all alternatives, modifications,
and equivalents included within the spirit and scope of
embodiments of the present disclosure.
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Example 1

[0084] The synthetic routes to stilbenes 1s of interest 1n
organic chemistry since stilbene derivatives are potentially
applicable 1 the pharmaceutical industry and in materials
science.” Many stilbene derivatives exhibit photophysical
and photochemical properties that render them useful 1n
dyes, liquid crystals and LEDs.*™ In addition, some products
of medicinal interest possess stilbene (1.e., 1,2-diarylethyl-
ene) structures. For example, resveratrol 1s commonly used
as a dietary supplement that has been observed to possess
chemopreventive and cytostatic properties against a variety
of human tumor cell lines, including several prostate cancer
cell lines.” 7 Some resveratrol derivatives, such as DMU-
212, have been shown to possess cytotoxic activity 1n
ovarian, breast, and colorectal cell lines.®

[0085] Synthetic routes to stilbenes feature cross-coupling
of arenes and styrenes,” '° but these methods frequently
require substrates to be activated with a functional group,
resulting in undesirable multi-step substrate synthesis and
by-products from the stilbene synthesis (FIG. 1a).'' For
example, the synthesis of alkenyl arenes has been achieved
with halo-, diazonium- and sulfone-substituted arenes, as
well as carboxyl- and nitroalkenes, but these processes
produce stoichiometric amounts of waste.">'” In addition,
there are synthetic inefliciencies associated with the genera-
tion of the i1nitial functionalized substrates. Thus, introduc-
ing arenes and olefins into C—C bond forming processes via
C—H bond breaking (rather than C-halogen bond activa-
tion, for example) offers potential advantages. However, in
many cases of arene alkenylation involving transition metal-
mediated C—H activation, directing groups are required to
enhance reactivity toward arene C—H activation and/or
promote regioselectivity. This limits the scope of substrates
that can be used for arene alkenylation via C—H bond
breaking reactions. For example, amines, amides and car-
bamates have been used to allow site-selective functional-
1zation of C—H bonds with C—H activation and subsequent
alkenylation typically occurring at the ortho position.””
[0086] Arene alkyl- and alkenylation provide an opportu-
nity to aflect more atom-economical formation of carbon-
carbon bonds between inexpensive arenes and alkenes
through undirected C—H activation (FIG. 1b5). It has been
reported that Ni,*'> ** Ru,**~° Pt*”> °**° and Ir*"™* com-
plexes catalyze olefin hydroarylation (non-oxidative) to pro-
duce saturated alkyl arenes, and Pd*°~~* and Rh>>"°' catalyze
oxidative arene alkenylation using oxidants 1n many cases
with functionalized olefins. We envisioned a strategy in
which the reaction between arenes and styrenes in the
presence of a rhodium catalyst precursor would form stil-
bene products through a rhodium-mediated C—H activation
tollowed by vinyl arene insertion, p-hydride elimination and
catalyst regeneration by an air-recyclable copper(1l) oxidant
(FIG. 1¢). Herein, we report acrobic Rh-catalyzed synthesis
of stilbenes from styrenes and arenes with good functional
group tolerance. Under optimized conditions, these products
can be obtained 1n moderate to good yields using dioxygen
from the air as a terminal oxidant. For select cases, we
compared the eflicacy of Rh- and Pd-based catalysis and find
that there are notable differences between those two metals
in both selectivity and reactivity.

Results and Discussion

[0087]
strates to determine if there are di

We examined benzene and styrene as model sub-
Terences using various Rh
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catalyst precursors. The catalysis between the commercially
available RhCl,-H,O and [Rh(u-OAc)(n>-C,H,),], (1) was
first compared (Table 1, entries 1 and 2). The Rh(I) dimer 1

gave better yield (71% vs. 65%) perhaps because the pres-
ence of the acetate groups facilitates C—H activation via a
concerted metalation/deprotonation (CMD) mechanism.>*
s2-66 Previously, we have shown that Rh-catalyzed arene
alkenylation using hydrocarbons does not occur in the
absence of a source of carboxylate (either a Cu(ll) salt or a
carboxylic acid).”’>’ When the reaction temperature is
raised from 150° C. to 165° C., higher vield 1s observed after
24 hours (81% vs. 71%), although this 1s accompanied the
conversion of the arene to aryl ester (e.g., phenyl pivalate)
due to a side reaction with copper(1l) pivalate. The yield of
stilbenes was minimally affected when styrene was used as
a lmmiting reagent. Utilization of dimethylformamide
(DMF), hexafluorobenzene or mesitylene furnished lower
yields (0%, 12% and 110%, respectively), and we suspect
this 1s a result of slower C—H activation due to lower
concentrations of arene. It has been reported that the addi-
tion of vanadium(V) oxide will facilitate alkenylation reac-
tions;°”> °® however, when V.,O. was added in equal amount
relative to copper(Il) pivalate, yields were decreased (see
entry 9). It was reported that 1n our Pd-catalyzed olefin
alkenylation chemuistry, the present of water inhibits the
catalysis.*® We also examined the influence of drying agents,
however neither molecular sieves nor graphene oxide (en-
tries 10 and 11) improve the yield of stilbenes.

TABLE 1

Comparison of different Rh precursors and optimization of reaction

conditions using [Rh{u-OAM>-C,H, )51, (1).

500 umol (0.44 mmol) styrene

0.25 mol %° 1
160 equiv.© Cu(OPiv),

9
HOPiv, temp, additives, solvent

2 mmol? |
60 psig N,
HOPi1v temp
entry [Rh] solvent’  (equiv.©) (° C.) additive yield®
1 RhCl; = H,O benzene 240 150 — 69
2 ] benzene 240 150 — 66
3 benzene 240 165 — 81
4 Denzene KO0 165 — 92
5 benzene 1600 165 — 20
6 Celg 800 165 — 12
7 DME 800 165 — 7
8 mesi- 800 165 — 39
tylene
9 1 penzene o 165 V505 36
10 1 benzene 800 165 4AMS 90
11 1 benzene 800 165 GO/ 58

“56 mmol when using benzene as solvent.
‘bCatal}rst amount 15 relative to the limiting reagent styrene.

“Amounts of Cu(ll) pivalate and pivalic acid are relative to Rh.
9 In each case 5 mL of solvent were used.
*GC yield based on a calibration curve using hexamethylbenzene as internal standard.

/GO = Graphene oxide.

[0088] Under optimized conditions, we surveyed the
scope and limitations of the Rh-catalyzed process with a
variety of substituted styrene precursors (Table 2). The
reactions between substituted styrenes and benzene showed
good functional group tolerance and 1solated yields. Toler-
ance of some halogen group was witnessed as reactions with
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halogenated styrenes aflord expected stilbene derivatives TARI E 2-continued
21-2k with 1solated yields >68%. The reaction also leaves
alkoxy groups in 20-2s untouched, which afforded an oppor- Vinyl arene scope for benzene alkenylation catalyzed by
: : . [Rh{u-OAc)(m“-C5Hy)-5]5 (1) 1in neat benzene and 1solated vields.
tunity to synthesize protected resveratrol and derivatives
using this approach (vide infra). 0.75 mol %4 1
160 equiv.? Cu(OPiv),,
TABLE 2 800 equiv.
® HOPiv
Vinyl arene scope for benzene alkenylation catalyzed by 5 ml. benzene AT
[Rh(p-OAc)(M>-C>Hy)5]5 (1) in neat benzene and isolated yields. AIA -
15 psig air, 60 psig N>
0.95 mol %44 1 500 umol 165° C., 24 hours
160 equiv.? Cu(OPiv)s, -

F
300 equiv. = ~
° HOPiv ‘
> mL benzene oo AT
o~ _ S G
15 psig air, 60 psig N> ‘
500 pmol 165° C., 24 hours =

21 79% vield

NN ‘
F N s
2a 92% yield

2g 84% vield

\

4

A Yas
\ =
/ \
= b
2b 87% vield
2h 88% vyield
F /Cl
N \
‘/\ CH; jA\/‘Q
/ \
N =
2¢ 82% yield
21 74% vyield
H3C CHs
\/\‘/ / ‘/Br
‘ / CH3
2d 47% yield® 2] 72% yield

N G :

=
O/\/

2e 77% yield 2k 68% vyield
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TABLE 2-continued

Vinyl arene scope for benzene alkenylation catalyzed by

[Rh(u-OAc)>-C,H, )51, (1) in neat benzene and isolated vields.

0.25 mol %2 1
160 equiv.? Cu(OPiv),,

800 equuv.
" HOPiv
5 mL benzene AT
AP N -
15 psig air, 60 psig N,
500 pmol 165° C., 24 hours

N XX
\/;|/\/

2] 88% vyield

A~ _NO:
jNC
‘ F

2m 73% yield

/ /CN
/\/\/C
P

~NF

2n 72% vyield

OMe

Z

S P N N
i)/\/

20 87% vyield

=
N N o

2p 83% vyield

OMe

2q 79% vield

11
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TABLE 2-continued

Vinyl arene scope for benzene alkenylation catalyzed by
[Rh{u-OAc)*-C,H,)o1, (1) in neat benzene and isolated vields.

0.25 mol %2 1
160 equiv.? Cu(OPiv),,
800 equiv.
> HOPiv

5 ml. benzene
AP N

15 psig air, 60 psig N>
165° C., 24 hours

N AT
FO/\/

500 wmol

OMe
g
‘ \ \ \ \OMe
S
2r 84% vyield
OMe
G /OMe
NN
P

2s 82% vyield

“Catalyst amount is relative to the limiting reagent styrene.
> Amounts of copper pivalate and pivalic acid are relative to single Rh.
“Reactions were performed for 48 hours.

[0089] We also examined extension of this method to a-
and (-substituted styrenes (Scheme 1) and found that both
a-methylstyrene and trans-3-methylstyrene gave the desired
products 2t and along with products 2u and 2v, which are
likely produced by a rhodium-mediated isomerization reac-
tion. We propose two possible olefin 1somerization routes to
generate 2u and 2v (Scheme 2). We attribute the production
of 2u to a side 1somerization reaction from product 2u to 2v
via a Rh hydride mediated process and production of 2v to
a similar process that converts {3-methylstyrene to allyl
benzene which likely served as the precursor to 2v.

[0090] FIG. 4A, scheme 1 illustrates the alkenylation
using vinyl substituted styrene of benzene. Condition: 0.25
mol % [Rh(u-OAc)(n*-C,H,),], (1) (0.5 mol % for single
rhodium), 160 equiv. copper pivalate, 800 equiv. pivalic

acid, 60 psig N,, 15 psig air, 5 mL benzene as solvent, 165°
C., 24 hours.

[0091] FIG. 4B, scheme 2, illustrates the Rh-mediated

olefin 1somerization that produces unexpected products 2u
and 2v.

[0092] Table 3 shows 1solated yields for catalytic reactions
using substituted arenes and styrene. A range of monosub-
stituted arenes are functionalized to give products 3a-3d,
31-3n, 3r, 3u and 3v, with electronic character ranging from
clectron-rich anisole (3r) to electron deficient o,o,0-trifluo-
rotoluene. Regardless of the arene substituent i1dentity, the
reaction regioselectivity 1s catalyst-directed for the forma-
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tion of meta and para products, generally with an approxi-
mate 2:1 ratio. For 3a, 37, 31 and 3v, the meta- and para-
functionalized 1somers were separated using column
chromatography to give ~2:1 1solated yields of meta:para
products. These results indicate that the C—H activation
step 1s sensitive to steric hindrance, with even small fluoro
or methyl groups almost totally suppressing ortho function-
alization. When dialkylbenzenes and trialkylbenzene 3e-3h
were used as the substrate, we observed the same influence
of sterics on the selectivity. Since all four arene C—H bonds
in p-xylene 3e are adjacent to a methyl group, the reaction
gave a low vyield of only 22%. For m-xylene (3f) and
o-xylene (3g), better yields (>70%) are obtained since they
have more sterically accessible arene C—H bonds. 1,2,3-
trimethylbenzene has a similar steric profile to meta-xylene
(1.e., an accessible C—H bond that 1s meta to methyl
groups), and the reaction gave 67% 1solated vyield of the
desired product (3h) after prolonged reaction time (48
hours).

TABLE 3

Arene scope of oxidative styrene hydroarylation catalyzed by
[Rh(p-OAc)M?-C>H, )15 (1) in neat arene solution. All yields are isolated.

0.25 mol %° 1

160 equiv.? Cu(OPiv), 800 equiv.? HOPiv
H— Ar -
500 umol styrene Ar N

15 psig air, 60 psig N>
135-165° C., 24-96 hours

N

(\/\/\/

3a 76% total yield®
para 2b 21% yield

meta 2¢ 47% vyield
om:p? = 1:28:13

(\/\/\

T

3b 81% total yield

i = 031

7
O
N

3¢ 77% total yield
om:p = 0:2:1

Arene scope of oxidative styrene hydroarylation catalyzed by
[Rh(p-OAc)M?-C5H, )15 (1) in neat arene solution. All yields are isolated.
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TABLE 3-continued

H=Ar

160 equiv.? Cu(OPiv), 800 equiv.? HOPiv

0.25 mol %° 1

500 umol styrene
15 psig air, 60 psig N>
135-165° C., 24-96 hours

X

N
.

/
/

tBu —I

A

3d 81% total yield
o:m:p = 0:2:1

/
4
/7 \

\

3e 22% vield®

_
\(
31 77% vield®
)
7 X
3g 71% vield
)
7 Xy

3h 67% vyield®

lll“/\./<j
AI\
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TABLE 3-continued

Arene scope of oxidative styrene hydroarylation catalyzed by
[Rh(-OAc)(n?-C5Hy)5 )5 (1) in neat arene solution. All yields are isolated.

0.25 mol %“ 1

160 equiv.? Cu(OPiv),, 800 equiv.? HOPiv /\/@
o
500 nmol styrene At x

15 psig air, 60 psig N>
135-165° C., 24-96 hours

H—Ar

=
NN ‘
%

a
K\/\/ X

N

31 81% total yield

para 3ja 24% vyield

meta 31b 51% vyield
o:m:p = 0:3:1

G
o e N
|
F_
A

3k 82% total yield
o:m:p® = 1:28:23

/\/li/\‘
N X

31 87% total yield
para 3la 25% yield
meta 3lb 56% vyield

om:p = 0:2:1

Cl

O

=
\\\

Br

F

3m 69% total yield”
o.m.p = 0:2:1
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TABLE 3-continued

Arene scope of oxidative styrene hydroarylation catalyzed by
[Rh(p-OAc)(m*-C5H,)5 ], (1) in neat arene solution. All yields are isolated.

0.25 mol %% 1

160 equiv.? Cu(OPiv),, 800 equiv.? HOPiv /\/O
ol
500 umol styrene Ar x

15 psig air, 60 psig N>
135-165° C., 24-96 hours

H=Ar

/ ‘
4

3n 44% NMR vyield’
o:m:p = 0:2:1

RN
N

F
£ AN \/‘
F F

F

30 61% vield®

= ‘
N X
Cl
Cl

3p 74% vield

)

(

NG s Ve

)

~

Br

3¢ 74% vield

\

4

e g

b

CFy3——

<\_

3r 87% total yield
o:m:p = 0:2:1
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TABLE 3-continued

Arene scope of oxidative styrene hydroarylation catalyzed by
[Rh(p-OA)(M>-C,H, )01, (1) in neat arene solution. All vields are isolated.

0.25 mol %% 1

H=Ar

15 psig air, 60 psig N>
135-165° C., 24-96 hours

N

38/ 75% total yield

7
AN

/\/\/O
S

3t 49% vyield

N
(\/\/\/

3u 91% total yield
o:m:p = 0:2:1

O/\VO
~

3v 81% total yield
para 3va 19% vield
meta 3vb 43% vield

MeQO

o:m:p = 0:3:1
MeQ /\Q
‘ N X
/
OMe

3w 74% yield

Meoj@/\/ AN
MeO

14

160 equiv.? Cu(OPiv),, 800 equiv.? HOPiv
- H-—Ar
500 umol styrene At =
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TABLE 3-continued

Arene scope of oxidative styrene hydroarylation catalyzed by
Rh(u-OAc)H*-C,Hy )01, (1) in neat arene solution. All vields are isolated.

0.25 mol %~ 1

160 equiv.? Cu(OPiv),, 800 equiv.? HOPiv /\/O
-
500 umol styrene At A

15 psig air, 60 psig N>
135-165° C., 24-96 hours

3% 73% vyield

g
MeO ‘ N \ RN
MeO =
OMe

3y 73% vyield

“Catalyst amount is relative to the limiting reagent styrene.

> Amounts of Cu(ll) pivalate and pivalic acid are relative to Rh.
“Total vield is calculated prior to isomer separation.

dD.IIl.p value 1s calculated based on GC-FID peak areas.

“Reaction was performed for 48 hours.

Mesitylene (2.5 mL) was added to the reaction mixture.

£The o:m:p value is calculated based on IF NMR spectroscopy due to poor resolution of
1somers 1n the GC.

"The yield was calculated based on the integration of the vinyl protons of bromostilbene
relative to the mternal standard CH3;NO.

‘The crude reaction mixture was washed with base and analyzed by 'HNMR spectroscopy.
The yield was calculated based on the integration of the vinyl protons of 1odostilbene
relative to the internal standard CH3NO:s.

‘Reactions were performed at 135° C. for 96 hours with reactors were opened to air every

24 hours.

[0093] With respect to halogenated arenes, the reactions
proceed for fluoro- and chlorobenzene with total 1solated
yields (all 1somers) of 82% (3k) and 87% (31), respectively.
However, reactions are less successful with bromo- and
10dobenzene due to C—X bond functionalization competing
with C—H activation. Thus, along with the desired products
bromo-(3m) and 1odostilbene (3n), (E)-stilbene (2a) 1s
formed. The reaction works well for pentafluorobenzene
(30), ortho-dichlorobenzene (3p) and meta-dibromobenzene
(39, under 135° C.) giving 61, 74 and 74% 1solated yields,
respectively. When using the arenes with methoxy groups
(3v-3vy), a decrease 1n yield at 165° C. 1s observed. But the
yields can be improved by lowering the reaction temperature
to 135° C. and extending reaction time to 96 hours. We
expanded the scope of the catalysis to polycyclic arenes and
heteroaromatic substrates. The reactions with naphthalene
(3u) and furan (3v) are selective and generate the expected
alkenylation products 1n moderate to good vyields.

[0094] It has been reported that polyphenolics compounds
and methyl ether derivatives possess possible anti-cancer
bioactivity.®™ °”"*/ Among those molecules, resveratrol and
DMU-212 are two widely studied compounds. Current
synthetic routes for resveratrol and derivatives use Wittig
reactions, Perkin condensations, alkene metathesis, and
cross-coupling.’”> %> 77> #% #5°9 Decarbonylative Heck cou-
pling and Perkin condensations can produce polyhydrox-
ystilbenes at moderate yields (~50%) 1n four and two steps,
respectively.””> °% Alkene metathesis can generate
polymethoxystilbenes 1n two steps at high conversions, but
with low selectivity against self-metathesis products.”" Wit-
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t1g reactions can generate polymethoxystilbenes in one step
with high vield, but require aqueous conditions and the in
situ formation of trialkylphosphonium salts.”® Using our
method, DMU-212 and resveratrol can be prepared from
poly-methoxybenzene and vinyl anisole 1 68% and 71%
yield by a single- or two-step conversion(s), respectively

(FIG. 2a).

[0095] Other than resveratrol and DMU-212, many other
polyphenolics and their methyl esters can be synthesized
using our strategy since we have demonstrated our method
works well on polymethoxybenzene (3v-3y) and vinyl-
methoxybenzenes (2p-2t), the reaction between these sub-
strates could produce more than 20 different polymethox-
ystilbenes.

[0096] Hyperbaric dinitrogen pressure 1s used for arenes
with boiling points lower than the reaction temperature. For
selected high-boiling-point arene substrates, the catalysis
could be performed under ambient pressure allowing us to
use simple reaction set ups equipped with a continuous air
teed to enable larger scale synthesis. As shown in Scheme 3,
the reaction between 1,3-dimethoxybenzene and 4-vinyla-
nisole vyields 62% (838 mg) of desired product (E)-1,3-
dimethoxy-35-(4-methoxystyryl)benzene (trimethylresvera-
trol). The continuous air flow created a stable O,
concentration and lower copper loading 1s possible. As
shown 1n FIG. 4C, Scheme 3, the Cu(ll) loading was
reduced to 8 equiv. (relative to Rh) in the reaction between
dichlorobenzene and a yield of 84% (1.05 g) of desired
product 3p was i1solated. Scheme 3 illustrates gram-scale
synthesis of (E)-1,3-dimethoxy-3-(4-methoxystyryl)ben-
zene and (E)-1,2-dichloro-4-styrylbenzene (3p), where:
Catalyst amount 1s relative to the limiting reagent styrene;
and where: © Amounts of Cu(Il) pivalate and pivalic acid are
relative to Rh.

[0097] We also examined aerobic arene alkenylation for
stilbene production using Pd(OAc), (4), previously reported
to serve as a catalyst for arene alkenylation despite low
selectivity.*> *” We first investigated the regioselectivity of
palladium catalysis. As shown 1n FIG. 3a, Pd catalysis leads
to substantial amounts of ortho functionalization in all six
arenes mnvestigated, whereas ortho functionalization 1n rho-
dium catalyzed reactions was mimimal. A directing group
cllect was observed when using anisole as the substrate, but
this effect was more heavily pronounced for Pd than for Rh.
Using 4 as the catalyst precursor, the ortho:meta selectivity
for 1,3-dimethoxybenzene with styrene (FIG. 3a) 1s 9:1 1n
tavor of ortho functionalization and with 4-methoxystyrene
(FIG. 3b6) 1s 8:1 1 favor of ortho functionalization. In
contrast, ortho:meta selectivity for 1,3-dimethoxylbenzene
with styrene and 4-methoxystyrene using the Rh catalyst 1
are both 1:8, favoring the meta product.

[0098] We also mvestigated Pd catalysis using haloge-
nated arenes as substrate (FIG. 3c¢) at 120° C. where the
consumption of the functionalized product (observed in Pd
catalysis) 1s minimal. Using chlorobenzene, the desired
product mixture (ortho, meta and para 1somers) can be
obtained after 12 hours under reaction conditions and the
same product distribution (approximately 1:2:2 ortho:meta:
para) 1s observed. It has been reported that Rh-catalyzed
oxidative olefination of bromoarene favors formation of the
C—H bond activation product;”” we observe similar selec-
tivity with Rh catalysis when using bromo- or 1odobenzene
as the substrate, with Pd showing much lower tolerance
toward halide functionality. The reaction of bromobenzene
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with 4 produces a large amount of stilbene, with a 1:3 ratio
ol stilbene:bromostilbene, which likely results from C—DBr
bond activation 1n lieu of C—H bond activation. When using
iodobenzene, the reaction produces trace amounts of 10dos-
tilbene, which indicated that Pd favors activation of C—1I
over C—H bonds. In contrast, Rh has shown better tolerance
towards bromo and 1odo functionalities. Catalysis with 1
using bromobenzene still favors C—H activation product
bromostilbene over the C—Br activation product stilbene
and the ratio of the former to the latter 1s 11:1. The reaction
with 10dobenzene 1s less selective, but still slightly favors
producing C—H activation product (the observed ratio of
1odostilbene to stilbene 1s 1.1).

Summary and Conclusions

[0099] We have developed a new, broadly applicable
strategy for the one-pot aerobic synthesis of stilbenes by
Rh-catalyzed oxidative arene alkenylation. Whereas con-
ventional methods for arene alkenylation require prefunc-
tionalized substrates, our approach makes use of C—H bond
activation, without the need for prefunctionalization with a
weaker bond C—X bond (X=halide or pseudo-halide) or
directing group. The new arene alkenylation chemistry 1s
tolerant of fluoride, chloride, trifluoromethyl, ester, nitro,
acetate, cyanide and ether groups on both the arene and
alkene 1 uniformly good to high vield and with predictable
regioselectivity without the need to identity or develop
catalytic systems for each class of reagent. This performance
presents an opportunity for large-scale organic synthesis of
commercially relevant stilbenes, including those with
medicinal properties.

Experimental Section

[0100] General Considerations. Unless otherwise noted,
all synthetic procedures were performed under aerobic con-
ditions. Glovebox purity was maintained by periodic nitro-
gen purges and was momtored by an oxygen analyzer
(O,<15 ppm {for all reactions). Benzene was purified by
passage through an column of activated alumina column. 'H
NMR spectra were recorded on a Varian 600 spectrometer.

'"H NMR spectra are referenced against residual proton
signals ('"H NMR) of the deuterated solvents. GC/MS was

performed using a Shimadzu GCMS-QP2010 Plus system
with a 30 mx0.25 mm RTx-Qbond column with 8 um
thickness using electron impact 1onization. GC/FID was
performed using a Shimadzu GC-2014 system with a 30
mx90.25 mm HP5 column with 0.25 um film thickness. For
initial catalytic experiments without 1solation of product,
stilbene yields were quantified using linear regression analy-
s1s of gas chromatograms of standard samples of authentic
product. The slope, correlation coetlicient and the response
factor of the regression line are 0.83, 0.99 and 0.80 for
stilbene. Copper(1l) pivalate and di-p-acetatotetrakis(dihap-
toethene)dirhodium(I) (1) was synthesized according to a
published procedure.”® “> All other reagents were used as
received from commercial sources. High resolution mass
spectrometry was performed at the University of Kansas
Mass Spectrometry Lab.

[0101] Optimization of reaction condition. Under an atmo-
sphere of dry nitrogen, di-u-acetatotetrakis(dihaptoethene)
dirhodium(I) (1) (2.5 umol, 350 ug), copper(1l) pivalate (400
umol, 106 mg), and pivalic acid (2 mmol, 204 mg) were
added imto a dried Andrews Glass™ [ab-Crest® Fisher-
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Porter tube with a stir bar. Styrene (500 umol, 57 ul.), and
benzene (5 mL) were then added by syringe. The tube was
opened to air, sealed and pressurized with dinitrogen (60
psig), and the mixture was stirred at 165° C. After 24 h, the
reaction was allowed to cool to room temperature. The
resultant mixture was diluted with ethyl acetate (40 mL),
washed with saturated sodium carbonate solution (50 mL).
The aqueous and organic layers were separated. The aque-
ous layer was extracted with ethyl acetate (3x40 mL), and
the combined organic layers were washed with water (3x10
ml.) and dried over magnesium sulfate. The resulting sample
was subjected to GC-FID analysis. All yields and ratios
given during the optimization studies were determined by
GC-FID analysis of the crude reaction mixture using hex-
amethylbenzene as an internal standard.

[0102] Scope of vinyl arene. Under an atmosphere of dry
nitrogen, di-u-acetatotetrakis(dihaptoethene)dirhodium(I)
(1) (2.5 umol, 550 ng), copper(ll) pivalate (400 umol, 106
mg), and pivalic acid (2 mmol, 204 mg) were added 1nto a
dried Andrews Glass™ Lab-Crest® Fisher-Porter tube with
a stir bar. Then vinyl arene (500 umol) and benzene (5 mL)
were added by syringe. Then the tube was opened to arr,
sealed and pressurized with dinitrogen (60 psig). The mix-
ture was stirred at 165° C. After 24 h, the reaction was
allowed to cool to room temperature. The resultant mixture
was diluted with ethyl acetate (40 mL) and washed with
saturated sodium carbonate solution (50 mL). The aqueous
and organic layers were separated. The aqueous layer was
extracted with ethyl acetate (3x40 mL) and the combined
organic layers were washed with water, (3x10 mL), dried
over magnesium sulfate, filtered, and concentrated under
vacuum.

[0103] Scope of arenes. Under an atmosphere of dry
nitrogen, di-p-acetatotetrakis(dihaptoethene)dirhodium(I)
(1) (2.5 umol, 550 ng), copper(ll) pivalate (400 umol, 106
mg) and pivalic acid (2 mmol, 204 mg) were added to a dried
Andrews Glass™ Lab-Crest® Fisher-Porter tube with a stir
bar. Then styrene (500 umol) and arene (5 mL) were added
by syringe. The tube was opened to air, sealed and pressur-
1zed with dinitrogen (60 psig). The mixture was stirred at
165° C. After 24 h, the reaction was allowed to cool to room
temperature. The resultant mixture was diluted with ethyl
acetate (40 mL) and washed with saturated sodium carbon-
ate solution (50 mL). The aqueous and organic layers were
separated. The aqueous layer was extracted with ethyl
acetate (3x40 mL), and the combined organic layers were
washed with water (3x10 mL) and drnied over magnesium
sulfate, filtered, and concentrated under vacuum. The con-
centrate was purified by column chromatography using
hexanes as eluent.

[0104] Synthesis of bioactive stilbenes derivatives. Under
an atmosphere of dry nitrogen, di-p-acetatotetrakis(dihap-
toethene)dirhodium(I) (1) (2.5 wmol, 550 ug), copper(ll)
pivalate (400 umol, 106 mg) and pivalic acid (2 mmol, 204
mg) were added to a dried Andrews Glass™ Lab-Crest®
Fisher-Porter tube with a stir bar. Then, vinyl arene (500
umol) and arene (5 mL) were added by syringe. The tube
was opened to air, sealed and pressurized with dinitrogen (60
psig). The mixture was stirred at 135° C. for 96 hours. After
every 24 h, the reaction was allowed to cool to room
temperature and fresh air was purged 1nto the reactor via a
long needle. After the reaction finished, the resultant mixture
was diluted with ethyl acetate (40 mL) and washed with
saturated sodium carbonate solution (50 mL). The aqueous
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and organic layers were separated. The aqueous layer was
extracted with ethyl acetate (3x40 mL), and the combined
organic layers were washed with water (3x10 mL), dried
over magnesium sulfate, filtered and concentrated under
vacuum. The concentrate was purified by column chroma-
tography using 9:1 hexanes:ethyl acetate as eluent.

[0105] Gram scale synthesis. An oven dried 250 mlL
two-neck round bottom flask was charge with di-u-acetato-
tetrakis(dihaptoethene)dirhodium(I) (1) (25 umol, 5.5 mg,
0.5 mol %), copper(1l) pivalate and pivalic acid. To the flask
S0 mL of arene were added. The solution was stirred at room
temperature for 10 minutes to dissolve all of the copper sallt.
Then, 5 mmol of vinyl arene were added to the reaction
mixture. The reaction flask was connected to compressed air
via an adapter and a condenser (note: the air flow will
facilitate the removal of the reaction solvent; thus, a long
condenser 1s needed). The reaction mixture was stirred at
optimized temperature for the arene. After completion of the
reaction, the tlask was allowed to cool to room temperature.
The resultant mixture was diluted with ethyl acetate (150
ml.) and washed with saturated sodium carbonate solution
(200 mL). The aqueous and organic layers were separated.
The aqueous layer was extracted with ethyl acetate (3x200
mlL), and the combined organic layers were washed with
water (3x200 mL), dried over magnesium sulfate, filtered,
and concentrated under vacuum. The product was purified
by flash column chromatography using hexanes/ethylacetate
as the eluent.
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Supplemental Information for Example 1

[0201] Unless otherwise noted, all synthetic procedures
were performed under aerobic conditions. Glovebox purity
was maintained by periodic nitrogen purges and was moni-
tored by an oxygen analyzer (O,<<15 ppm for all reactions).
Benzene was purified by passage through an column of
activated alumina column. 'H NMR spectra were recorded
on a Varian 600 spectrometer. 'H NMR spectra are refer-
enced against residual proton signals ("H NMR) of the
deuterated solvents. GC/MS was performed using a Shi-
madzu GCMS-QP2010 Plus system with a 30 mx0.25 mm
RTx-Qbond column with 8 um thickness using electron
impact 1onization. GC/FID was performed using a Shimadzu
GC-2014 system with a 30 mx90.25 mm HP5 column with
0.25 um film thickness. For initial catalytic experiments
without 1solation of product, stilbene yields were quantified
using linear regression analysis of gas chromatograms of
standard samples of authentic product. The slope, correla-
tion coetlicient and the response factor of the regression line
are 0.83, 0.99 and 0.80 for stilbene. Copper(1I) pivalate and
di-p-acetatotetrakis(dihaptoethene)dirhodium(l) was syn-
thesized according to a published procedure.” * All other
reagents were used as received from commercial sources.
High resolution mass spectrometry was performed at the
University of Kansas Mass Spectrometry Lab.

Optimization of Reaction Condition

[0202] General procedure for Rh(l)-catalyzed oxidative
hydrophenylation of styrene with benzene. Under an atmo-
sphere of dry nitrogen, di-u-acetatotetrakis(dihaptoethene)
dirhodium(I) (2.5 umol, 550 ng), copper(ll) prvalate (400
umol, 106 mg), and pivalic acid (2 mmol, 204 mg) were
added mnto a dried Andrews Glass™ Lab-Crest® Fisher-
Porter tube with a stir bar. Styrene (500 umol, 57 ul.), and
benzene (5 mL) were then added by syringe. The tube was

20
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opened to air, sealed and pressurized with dinitrogen (60
psig), and the mixture was stirred at 165° C. After 24 h, the
reaction was allowed to cool to room temperature. The
resultant mixture was diluted with ethyl acetate (40 mL),
washed with saturated sodium carbonate solution (50 mlL).
The aqueous and organic layers were separated. The aque-
ous layer was extracted with ethyl acetate (3x40 mlL), and
the combined organic layers were washed with water (3x10
ml.) and dried over magnesium sulfate. The resulting sample
was subjected to GC-FID analysis. All yields and ratios
given during the optimization studies were determined by
GC-FID analysis of the crude reaction mixture using hex-
amethylbenzene as an internal standard.

TABLE SI

Solvent screening for stilbene production.

0.25 mol %° 1

F

160 equiv.” Cu(OPiv),
‘ N 240 equiv.? HOPiv
- -
y N 1 atm air, 60 psig N>
‘ 165°C., 24 h
X mmol F > mL solvent
500 umol
/ ‘
entry solvent benzene loading x yield® (%o)
1 DMEF 3 0
2 MeOH 3 0.2
3 1.,4-dioxane 3 3
4 hexane 3 7
5 mesitylene 3 10.9
6 mesitylene 5 17.4
7 hexatluorobenzene 3 12.1
8 hexafluorobenzene 5 21.7
9 acetic acid 3 2.6
10 benzene / 81

“0.25 mol% [Rh(u-OAc)(nz-sz)z]z (1) (0.5 mol% based on rhodium).
> Amounts of Cu(ll) pivalate and pivalic acid are relative to Rh.

“GC vyield based on calibration curve using hexamethylbenzene as internal standard.

TABL.

S2

(Ll

Comparison of air and dioxygen for stilbene production.

0.25 mol %~ 1

/\ 160 equiv.? Cu(OPiv),
240 equiv.? HOPiv
‘ + \ .
= oxygen source, 60 psig N,
N\F ‘ 165° C., 54 h
5 mL a
500 umol
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TABLE S2-continued
R

e Ve g

N

entry OXYygen source yield®
1 Alr 81
Oxygen 82

“0.25 mol% [Rh(u—OAc)(nz-sz)z]g (1) (0.5 mol% based on rhodium).
> Amounts of Cu(ll) pivalate and pivalic acid are relative to Rh.

“GC yield based on calibration curve using hexamethylbenzene as internal standard.

“Pure oxygen was purged through the reaction muxture for one minute.

TABLE 53

Comparison of Cu(Il) pivalate amount for stilbene production.
/ 0.25 mol %% 1

x equiv.? Cu(OPiv),

240 equiv.? HOPiv

+ -
/\ 1 atm air,, 60 psig N>
‘ 165°C.,54 h
> mL F
500 umol
/
N X
entry X yield®
1 0 0
2 20 52
3 160 81
4 3207 71

a0.25 mol% [Rh(u-OAc)(nz-CzH4)2]2 (1) (0.5 mol% based on rhodium).

® Amounts of Cu(ll) prvalate and pivalic acid are relative to Rh.
“GC vyield based on calibration curve using hexamethylbenzene as internal standard.
This copper loading 1s beyond the copper salt’s maximum solubility at room temperature.

TABLE 5S4

Temperature and concentration of pivalate acid.

0.25 mol % 1
160 equiv.” Cu(OPiv);
-

_|_
1 atm air, 60 psig N
/ psig N2
HOPlv, temp
5 mL 24 h

500 nmol

‘/\/\/
\/
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TABLE S4-continued

HOPiv temp
entry (equiv.?) (° C.) yield®
1 240 150 71
2 240 165 81
3 800 165 92
4 1600 165 20

“0.25 mol% [Rh(u-OAc)(nZ-CzH4)z]2 (1) (0.5 mol% based on rhodium).
> Amounts of Cu(Il) pivalate and pivalic acid are relative to Rh.

“GC yield based on a calibration curve using hexamethylbenzene as internal standard.

TABLE

S5

Comparison of additives to remove water for stilbene production.

0.25 mol %% 1
160 equiv.? Cu(OPiv),
800 equiv.? HOPiv

1 atm air, 60 psig N2

F
‘ X

F

-

‘/\

165°C., 24 h
aaditives
5 mL F ddits
500 umol
= ‘
NN N X
/
entry additives yield® (%o)
1 4A molecular sieve o1
2 3A molecular sieve 72
3 V504 Q0
4 Graphene Oxide” 91
5 Ac,0° 5.1
6 / Q2

“0.25 mol% [Rh(u-OAc)(nZ-sz)z]z (1) (0.5 mol% based on rhodium).
> Amounts of Cu(ll) pivalate and pivalic acid are relative to Rh.

“GC vyield based on calibration curve using hexamethylbenzene as internal standard

dGI‘ElphﬂI]ﬁ oxide was synthesized by a modified Hummer method
°5 mL of Ac,0 (acetic anhydrate) was added.

TABLE S6

Optimization of the reaction condition using 1,3-dimethoxy
benzene as arene substrate.
160 equiv.? Cu(OPiv),

F
800 equiv.” HOPiv
X

‘ 1 atm air, 60 psig N>

temp, time
\/

500 umol

OMe 0.25 mol %° 1

-

MeQO
5 mL
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TABLE S6-continued

OMe
= ‘
‘/\ /\/ A OMe
\/
entry temp (° C.) time® (h) yield? (%)
1 165 24 31
2 150 24 41
3 150 48 47
4 135 24 17
5 135 48 37
6 135 72 52
7 135 96 71
8 135 108 71

“0.25 mol% [Rh(u—OAc)(nz-CzH4)z]2 (1) (0.5 mol% based on rhodum).

® Amounts of Cu(Il) pivalate and pivalic acid are relative to Rh.
“Reactors were cooled down and purged with air every 24 hours

¥ield is GC yield based on calibration curve using hexamethylbenzene as internal
standard

Scope of Vinyl Arenes

[0203] General Procedure for Rh(I)-Catalyzed Oxidative

Hydrophenylation of Vinyl Arenes with Benzene.

[0204] Under an atmosphere of dry nitrogen, di-p-aceta-
totetrakis(dihaptoethene)dirhodium(I) (1) (2.5 umol, 550
ug), copper(ll) pivalate (400 umol, 106 mg), and pivalic acid
(2 mmol, 204 mg) were added 1nto a dried Andrews Glass™
Lab-Crest® Fisher-Porter tube with a stir bar. Then vinyl
arene (500 pmol) and benzene (5 mL) were added by
syringe. Then the tube was opened to air, sealed and pres-
surized with dinitrogen (60 psig). The mixture was stirred at
165° C. After 24 h, the reaction was allowed to cool to room
temperature. The resultant mixture was diluted with ethyl
acetate (40 mL) and washed with saturated sodium carbon-
ate solution (350 mL). The aqueous and organic layers were
separated. The aqueous layer was extracted with ethyl
acetate (3x40 mL) and the combined organic layers were
washed with water, (3x10 mL), dried over magnesium
sulfate, filtered, and concentrated under vacuum.

Alkenylation of Benzene Using Styrene

(E)-Stilbene (2a)

[0205]
/\‘
NN
[0206] Following the general procedure described above

and using styrene as the vinyl arene, the target compound 2a
was obtained as a white solid (83 mg, 92%). The product
was purified by flash column chromatography using hexanes
as the eluent. This compound was reported in literature.” 'H

NMR (600 MHz, CDCL,): & 7.53 (d, J=7.3 Hz, 4H), 7.37 (.
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1=7.7 Hz, 4H), 7.27 (t, J=7.4 Hz, 2H), 7.12 (s, 2H) ppm. >C
NMR (201 MHz, CDCL,): § 137.5, 128.8, 127.8, 126.7 ppm.
HRMS (HAPCI) m/z: Caled for=C,,H,,*=180.0939.
Found=180.0935.

Alkenylation of Benzene Using 4-Methylstyrene

(E)-4-methyl-1-styrylbenzene (2b)

[0207]
CH,
0 S
—
[0208] Following the general procedure described above

and using 4-methylstyrene as the vinyl arene, the target
compound 2b was obtained as a white solid (84 mg, 87%).
The product was purified by flash column chromatography
using hexanes as the eluent. This compound was reported in
literature.* 1H NMR (600 MHz, CDCl,): & 7.53 (m, 2H),
7.45 (m, 2H), 7.38 (m, 2H), 7.28 (m, 1H), 7.20 (m, 2H), 7.13
(d, I=16.4 Hz, 1H), 7.09 (d, J=16.4 Hz, 1H), 2.39 (s, 3H)
ppm. °C NMR (201 MHz, CDCl,): 8 137.7, 134.7, 129.53,
128.8, 128.8, 128.7, 127.8, 127.5, 126.5, 21.4, 21.4 ppm.
HRMS (HAPCI) m/z: Calcd for C,H,, =194.1096. Found
Mass=194.1098.

Alkenylation of Benzene Using 3-Methylstyrene

(E)-3-methyl-1-styrylbenzene (2¢)

[0209]
/\‘
‘/\ /\/\/\CHS
\/
[0210] Following the general procedure described above

and using 4-methylstyrene as the vinyl arene, the target
compound 2c¢ was obtained as a white solid (80 mg, 82%).
The product was purified by flash column chromatography
using hexanes as the eluent. This compound was reported in
literature.* '"H NMR (600 MHz, CDCl.): 8 7.54 (m, 2H),
7.41-7.33 (m, 4H), 7.31-7.26 (m, 2H), 7.16-7.08 (m, 3H),
2.41 (s, 3H) ppm. '°C NMR (201 MHz, CDCl,): 8 1384,
137.6, 1374, 129.0, 128.8, 128.7, 128.7, 128.6, 128.6,
128.6, 127.7, 127.4, 126.6, 123.9, 21.6 ppm. HRMS
(HAPCI) m/z: Caled for C,.H,,/=194.1096. Found
Mass=194.1083.
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Alkenylation of Benzene Using 2,4,6-Trimethylstyrene

(E)-2,4,6-trimethyl-1-styrylbenzene (2d)

[0211]
ch\ /\‘ /CH3
P
[0212] Following the general procedure described above

and using 2.4,6-trimethylstyrene as the vinyl arene, the
target compound 2d was obtained as a white solid (52 mg,
4'7%) after 48 hours reaction. The product was purified by
flash column chromatography using hexanes as the eluent.
This compound was reported in literature.> 'H NMR (600
MHz, CDCl,): 6 7.47 (m, 2H), 7.41 (dd, J=1.9, 0.6 Hz, 1H),
7.35 (m, 2H), 7.25 (m, 1H), 7.05 (d, J=16.3 Hz, 1H), 6.91 (d,
J=16.2 Hz, 1H), 6.43 (dd, J=3.3, 1.8 Hz, 1H), 6.36 (dd,
J=3.3, 0.4 Hz, 1H) ppm. *°C NMR (151 MHz, CDCl,): &
153.4,142.3,137.2,128.8,127.7,127.3,126.5,116.7, 111.8,
108.7 ppm. HRMS (HAPCI) nvz: Calcd for C,,H,,7=223.
1487. Found Mass=223.1486.

Alkenylation of Benzene Using 2-Vinylnaphthalene

(E)-2-styrylnaphthalene (2¢)

[0213]
Z ‘/\
N X XN
Z
[0214] Following the general procedure described above

and using 2-vinylnaphthalene as the vinyl arene, the target
compound 2Ze was obtained as a white solid (88 mg, 77%).
The product was purified by flash column chromatography

using hexanes as the eluent. This compound was reported in

literature.® 'H NMR (600 MHz, CDCl,): & 7.86 (br, s, 1H),
7.85-7.79 (m, 3H), 7.75 (dd, J=8.6, 1.8 Hz, 1H), 7.57 (m,
2H). 7.50-7.42 (m, 2H), 7.38 (m, 2H). 7.29 (d, J=16.4 Hz,
2H), 7.28 (m, 2H), 7.24 (d, J=16.3 Hz, 1H) ppm. *C NMR
(151 MHz, CDCl,): o 137.5, 135.0, 133.9, 133.2, 129.2,
128.9, 128.9, 128.5, 128.1, 127.8, 127.8, 126.8, 126.7,
126.5, 126.0, 123.7 ppm. HRMS (HAPCI) m/z Calcd for
C,.H,.*=231.1174. Found Mass=231.1169.

Jul. 27, 2023

Alkenylation of Benzene Using 4-Fluorostyrene

(E)-4-fluoro-1-styrylbenzene (21)

[0215]
b
=4 ‘
N xR X
Z
[0216] Following the general procedure described above

and using 4-fluorostyrene as the vinyl arene, the target
compound 21 was obtained as a white solid (64 mg, 64%).

The product was purified by

literature.* 1H NMR (600 M

flash column chromatography
using hexanes as the eluent. T

11s compound was reported 1n

1z, CDCL,): & 7.49 (m, 4H),

7.36 (t, J=7.6 Hz, 2H), 7.28 (s, 1H), 7.09-7.00 (m, 4H) ppm.
13C NMR (201 MHz, CDCL,): 8 1623 (d, J=247.3 Hz),
137.2, 133.5 (d, J=3.3 Hz), 128.70, 128.5 (d, 1=2.3 Hz),
128.0 (d, J=7.9 Hz), 127.7, 127.5, 126.4, 115.6 (d, J=21.6
Hz) ppm. ‘°F NMR (564 MHz, CDCL,): & -112.5 (it, J=8.6,

5.4 Hz) ppm. HRMS (HAPCI) m/z: Caled for C, H, ,F™
=198.0845. Found Mass=198.0839.

Alkenylation of Benzene of 3-Fluorostyrene

(E)-3-tluoro-1-styrylbenzene (2¢g)

[0217]
Z= ‘
AN N X \F
Z
[0218] Following the general procedure described above

and using 3-fluorostyrene as the vinyl arene, the target
compound 2g was obtained as a white solid (65 mg, 64%).
The product was purified by flash column chromatography

using hexanes as the eluent. This compound was reported 1n
literature.® 1H NMR (600 MHz, CDCl,): 8 7.52 (d, I=7.7

Hz, 2H), 7.37 (t, J=7.6 Hz, 2H), 7.33-7.27 (m, 3H), 7.22 (d,
J=10.0 Hz, 1H), 7.11, 7.07 (ABq, Av ;=24 Hz, J ,,=18 Hz,
2H), 6.95 (t, I=7.8 Hz, 1H) ppm. °C NMR (201 MHz,
CDCl,): ¢ 1633 (d), 139.9 (d), 137.0, 130.2 (d), 130.2,
128.9,128.2,127.6(d), 126.8,122.6 (d), 114.5(d), 112.9 (d)
ppm. F NMR (564 MHz, CDCl,): § -111.8 (td, J=9.3, 6.2
Hz, 1F) ppm. HRMS (HAPCI) m/z: Calcd for C, H,,F™
=198.0845. Found Mass=198.0836.
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Alkenylation of Benzene Using 2-Fluorostyrene

(E)-2-tfluoro-1-styrylbenzene (2h)

[0219]
/\‘
~Y
b
[0220] Following the general procedure described above

and using 2-fluorostyrene as the vinyl arene, the target
compound Zh was obtained as a white solid (87 mg, 88%).
The product was purified by flash column chromatography
using hexanes as the eluent. This compound was reported in
literature.” 1H NMR (600 MHz, CDCL,): & 7.63 (td, J=7.7,
1.8 Hz, 1H), 7.56 (m, 2H), 7.39 (im, 2H), 7.33-7.28 (m, 2H),
7.27-7.23 (m, 1H), 7.21 (d, J=16.5 Hz, 1H), 7.16 (1d, J=7.5,
1.3 Hz, 1H), 7.10 (ddd, J=10.8, 8.2, 1.3 Hz, 1H) ppm. ~°C
NMR (201 MHz, CDCIl,): 6 159.8 (d, J=249.3 Hz), 137 .4,
131.1 (d, J=4.9 Hz), 128.9 (d, J=8.5 Hz), 128.9, 128.1, 127.2
(d, J=3.9 Hz), 126.8, 1254 (d, J=11.6 Hz), 124.3 (d, J=3.4
Hz), 121.1 (d, J=3.5 Hz), 115.9 (d, J=22.0 Hz) ppm. "°F
NMR (5364 MHz, CDCl,): 6 -116.3 (ddd, J=11.0, 7.6, 5.1
Hz, 1F) ppm. HRMS (HAPCI) m/z: Calcd for C, H,,F™
=198.0845. Found Mass=198.0844.

Alkenylation of Benzene Using 4-Chlorostyrene

(E)-4-chloro-1-styrylbenzene (21)

[0221]
F ‘ /Cl
S P G
P
[0222] Following the general procedure described above

and using 4-chlorostyrene as the vinyl arene, the target
compound 21 was obtained as a white solid (79 mg, 74%).
The product was purified by flash column chromatography

using hexanes as the eluent. This compound was reported in
literature.” 1H NMR (600 MHz, CDCl,): & 7.51 (d, J=7.6

Hz, 2H), 7.44 (d, J=8.6 Hz, 2H), 7.37 (1, J=7.7 Hz, 2H), 7.33
(d, 1=8.5 Hz, 2H), 7.28 (1, ]=7.3 Hz, 1H), 7.08, 7.05 (ABq.
Av ,=13.4 Hz, 1,,~12 Hz, 2H) ppm. "*C NMR (201 MHz,
CDCl,): & 137.1, 136.0, 133.3, 129.5, 129.0, 128.9, 128.0,
127.8, 127.5, 126.7 ppm. HRMS (HAPCI) m/z: Calcd for
C,.H,,Cl*=214.0549. Found Mass=214.0558.
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Alkenylation of Benzene Using 4-Bromostyrene

(E)-4-bromo-1-styrylbenzene (27)

[0223]
Br
S N
F
[0224] Following the general procedure described above

and using 4-bromostyrene as the vinyl arene, the target
compound 27 was obtained as a white solid (87 mg, 68%).
The product was purified by flash column chromatography
using hexanes as the eluent. This compound was reported in
literature.* 1H NMR (600 MHz, CDCL,): § 7.56-7.46 (m,
4H), 7.41-7.33 (m, 4H), 7.28 (m, 1H), 7.10 (d, J=16.3 Hz,
1H), 7.04 (d, J=16.3 Hz, 1H) ppm. "°C NMR (201 MHz,
CDCl,): 0 137.1,136.4,131.9,129.6, 128.9, 128.12, 128.05,
127.6, 126.7, 121.5 ppm.

Alkenylation of Benzene Using 4-lodostyrene

(E)-4-10do-1-styrylbenzene (2k)

[0225]
I
/\‘/
A
[0226] Following the general procedure described above

and using 4-10dostyrene as the vinyl arene, the target com-
pound 2k was obtained as a white solid (104 mg, 68%). The
product was purified by flash column chromatography using
hexanes as the eluent. This compound was reported in
literature.” '"H NMR (600 MHz, CDCl,): 8 7.68 (m, 1H),
7.51 (m, 1H), 7.36 (m, 2H), 7.28 (m, 1H), 7.25 (m, 2H), 7.11
(d, J=16.3 Hz, 1H), 7.02 (d, J=16.3 Hz, 1H) ppm. '°C NMR
(151 MHz, CDCl,): ¢ 137.9, 137.1, 137.0, 129.7, 128.9,
128.4, 128.1, 127.6, 126.7, 92.9 ppm.

Alkenylation of Benzene Using 4-Vinylphenylacetate

(E)-4-styrylphenylacetate (21)
[0227]

OAc
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[0228] Following the general procedure described above
and using 4-chlorostyrene as the vinyl arene, the target
compound 21 was obtained as a white solid (105 mg, 88%).
The product was purified by flash column chromatography
using hexanes and ethyl acetate (v/v=93:5) as the eluent.
This compound was reported in literature.” 'H NMR (600
MHz, CDCl,): 0 7.52 (m, 4H), 7.37 (m, 2H), 7.27 (m, 2H),
7.10 (m, 3H), 7.06 (d, J=16.4 Hz, 1H), 2.31 (s, 3H) ppm. °C
NMR (151 MHz, CDCl,): 6 169.60, 150.20, 137.31, 135.30,
129.10, 128.84, 127.85, 127.80, 127.56, 126.65, 121.94,
21.30 ppm.

Alkenylation of Benzene Using 4-Nitrostyrene

(E)-4-styryl-nitrobenzene (2m)

[0229]
NO,
N Xy
Z
[0230] Following the general procedure described above

and using 4-nitrostyrene as the vinyl arene, the target
compound 2m was obtained as a yellow solid (82 mg, 73%).
The product was purified by flash column chromatography
using hexanes as the eluent. This compound was reported in
literature.® "H NMR (600 MHz, CDCL,): § 8.22 (td, J=8.8,
2.5 Hz, 2H), 7.63 (td, J=8.5, 2.3 Hz, 2H), 7.56 (m, 2H), 7.41
(m, 2H), 7.34 (m, 1H), 7.30-7.25 (m, 1H), 7.15 (d, J=16.3
Hz, 1H) ppm. "°C NMR (151 MHz, CDCL,): 8 146.9, 144.0,
136.3, 133.5, 129.0, 129.0, 127.2, 127.0, 126.4, 124 .3 ppm.
HRMS (HAPCI) m/z: Caled for C,,H,,NO," 226.0868.
Found Mass=226.0861.

Alkenylation of Benzene Using 4-Vinylbenzonitrile

(E)-4-styrylbenzonitrile (2n)

[0231]
F ‘ /CN
N xR X
P
[0232] Following the general procedure described above

and using 4-vinylbenzonitrile as the vinyl arene, the target
compound 2Zn was obtained as a white solid (85 mg, 66%).
The product was purified by flash column chromatography
using hexanes and ethyl acetate (v/v=835:13) as the eluent.
This compound was reported in literature.” '"H NMR (600
MHz, CDCl,): 0 7.64 (m, 2H), 7.58 (m, 2H), 7.54 (m, 2H),
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7.40 (m, 2H), 7.33 (m, 1H), 7.22 (d, J=16.2 Hz, 1H), 7.09 (d,
J=16.3 Hz, 1H) ppm. >C NMR (151 MHz, CDC1,): § 142.0,
136.4, 132.6, 132.5, 129.0, 128.8, 127.0, 127.0, 126.9,
119.2, 110.7 ppm. HRMS (HAPCI) m/z: Calcd for
C,-H,;N7=205.0891. Found Mass=205.0898.

Alkenylation of Benzene Using 4-Methoxystyrene

(E)-4-styrylanisole (20)

[0233]
/\ /OMe
NN \/‘
‘ P
[0234] Following the general procedure described above

and using 4-vinylanisole as the vinyl arene, the target
compound 20 was obtained as a white solid (91 mg, 87%).
The product was purified by flash column chromatography
using hexanes and ethyl acetate (v/v=9:1) as the eluent. This
compound was reported in literature.* 'H NMR (600 MHz,
CDCly): ¢ 7.48 (dd, J=20.1, 8.0 Hz, 4H), 7.35 (t, J=7.5 Hz,
2H),7.24 (t, J=7.4 Hz, 1H), 7.07, 6.98 (ABq, Av ,.=52.6 Hz,
I.,,=16.3 Hz, 2H), 6.91 (d, J=8.4 Hz, 2H), 3.84 (s, 3H) ppm.
SC NMR (201 MHz, CDCL,): 8 159.4, 137.8, 130.3, 128.8,
128.4, 127.9, 1274, 126.8, 126.4, 114.3, 77.2, 55.5 ppm.
HRMS (HAPCI) m/z: Caled for C,.H,.O0"=211.1123.
Found Mass=211.1116.

Alkenylation of Benzene Using 3-Methoxystyrene

(E)-3-styrylanisole (2p)

[0235]
/\‘
‘/\ /\/\/\OMe
\/
[0236] Following the general procedure described above

and using 3-vinylanisole as the vinyl arene, the target
compound 2p was obtained as a white solid (87 mg, 83%).
The product was purified by flash column chromatography
using hexanes and ethyl acetate (v/v=9:1) as the eluent. This
compound was reported in literature.® "H NMR (600 MHz,
CDCl,): 0 7.55 (m, 2H), 7.40 (m, 2H), 7.35-7.28 (m, 2H),
7.19-7.12 (m, 3H), 7.10 (dd, J=2.6, 1.0 Hz, 1H), 6.87 (ddd,
J=8.2, 2.5, 0.9 Hz, 1H), 3.88 (s, 3H) ppm. '°C NMR (151
MHz, CDC13) 0 160.0, 138.9, 137.4, 129.8, 129.1, 128.8,
128.7, 1277.8, 126.7, 119.4, 113.4, 111.9, 535.3 ppm. HRMS
(E-APCI) m/z Calcd for C15H15O+—211 1123. Found
Mass=211.1128.
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Alkenylation of Benzene Using 2-Methoxystyrene

(E)-3-styrylanisole (2q)

[0237]
/\‘
D
‘ P OMe
[0238] Following the general procedure described above

and using 2-vinylanisole as the vinyl arene, the target
compound 2q was obtained as a white solid (83 mg, 79%).
The product was purified by flash column chromatography

using hexanes and ethyl acetate (v/v=9:1) as the eluent. This
compound was reported in literature.'® 'H NMR (600 MHz,
CDCly): 0 7.63 (dd, I=7.7, 1.7 Hz, 1H), 7.57 (m, 2H), 7.53
(d,J=16.4 Hz, 1H), 7.38 (m, 2H), 7.30-7.25 (m, 2H), 7.15 (d,
J=16.5 Hz, 1H), 7.00 (m, 1H), 6.92 (m, 1H), 3.91 (s, 3H)
ppm. "C NMR (151 MHz, CDCl,): & 157.0, 138.1, 129.2,
128.8, 128.7, 127.5, 126.7, 126.6, 126.5, 123.6, 120.9,
111.0, 55.6 ppm. HRMS (HAPCI) m/z: Calcd for C, H, O™
=211.1123. Found Mass=211.1116.

Alkenylation of Benzene Using 3,35-Dimethoxystyrene

(E)-3,5-dimethoxyl-1-styrylbenzene (2r)

[0239]
OMe
-~
‘ \/\/ \/\OMe
P
[0240] Following the general procedure described above

and using 3,5-dimethoxybenzene as the vinyl arene, the
target compound 2r was obtained as a colorless liquid (95
mg, 84%). The product was purified by flash column chro-
matography using hexanes and ethyl acetate (v/v=9:1) as the
eluent. This compound was reported in literature.® "H NMR
(600 MHz, CDCl,): 0 7.52 (m, 2H), 7.37 (m, 2H), 7.28 (m,
1H), 7.11 (d, J=16.3 Hz, 1H), 7.05 (d, J=16.3 Hz, 1H), 6.70
(d, JI=2.3 Hz, 2H), 6.42 (t, J=2.3 Hz, 1H), 3.85 (s, 6H) ppm.
C NMR (151 MHz, CDCl,): § 161.1, 139.5, 137.3, 129.3,
128.8, 127.9, 126.7, 104.7, 100.1, 55.5 ppm. HRMS
(HAPCI) m/z: Caled for C,;H,-0,7=241.1229. Found
Mass=241.1221.
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Alkenylation of Benzene Using 3,35-Dimethoxystyrene

(E)-3.4-dimethoxyl-1-styrylbenzene (2s)

[0241]
OMe
)\‘ /OMe
) Ve g
[0242] Following the general procedure described above

and using 3,4-dimethoxybenzene as the vinyl arene, the
target compound 2s was obtained as a colorless liquid (92
mg, 82%). The product was purified by flash column chro-
matography using hexanes and ethyl acetate (v/v=9:1) as the
eluent. This compound was reported in literature.” "H NMR
(600 MHz, CDCI,): ¢ 7.50 (m, 2H), 7.35 (m, 2H), 7.25 (m,
1H), 7.09-7.03 (m, 3H), 6.98 (d, J=16.3 Hz, 1H), 6.87 (d,
J=8.2 Hz, 1H), 3.95 (s, 3H), 3.91 (s, 3H) ppm. °C NMR
(151 MHz, CDCl,): 0 149.3, 149.1, 137.7, 130.6, 128.8,
128.6, 127.4, 127.0, 126.4, 120.0, 111.4, 108.9, 36.1, 56.0
ppm. HRMS (HAPCI) m/z: Calcd for C, H,,0O,"=240.
1150. Found Mass=240.1144.

Alkenylation of Benzene Using [ ]-Methylstyrene

(E)-c-methyl stilbene (2t) and 2,3-diphenylpropene

(2u)
[0243]
/\‘
\ \/
= ‘
AN AN
P
[0244] Following the general procedure described above

and using o-methylstyrene as the vinyl arene, the target
compound 2t and 2u were obtained as a white solid (72 mg,
74%, 2t:2u=43:31). The products were separated and puri-
fied by flash column chromatography using hexanes as the
eluent. Both compounds were reported in literature.''
[0245] Characterizations for 2t: 'H NMR (600 MHz,
CDCl,): 0 7.54 (m, 2H), 7.42-7.35 (m, 6H), 7.30 (m, 1H),
7.28-7.22 (m, 1H), 6.85 (q, J=1.4 Hz, 1H), 2.30 (d, J=1.4 Hz,
3H) ppm. °C NMR (151 MHz, CDCl,): 6 144.12, 138.51,
137.57, 129.29, 128.47, 128.32, 127.85, 127.33, 126.61,
126.15, 17.63 ppm.

[0246] Characterizations for 2u: 'H NMR (600 Mz,
CDCly): 0 7.44 (m, 2H), 7.32-7.27 (m, 4H), 7.25-7.21 (m,
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3H), 7.19 (m, 1H), 5.50 (d, J=1.3 Hz, 1H), 5.02 (q, J=1.3 Hz,
1H), 3.84 (d, J=1.3 Hz, 2H) ppm.

[0247] HRMS (HAPCI) m/z: Calcd for C,.H,, =194.
1096. Found Mass—194.1093.

Alkenylation of Benzene Using [3-Transmethylstyrene

(E)-a-methyl stilbene (2t) and (E)-1,3-diphenylpro-
pene (2v)

[0248]

/\‘

P
e VN N

\/ \/

[0249] Following the general procedure described above
and using b-methylstyrene as the vinyl arene, the target
compound 2u and 2v were obtained as a white solid (72 mg,
714%, 2u:2w=39:29). The products were separated and puri-
fied by flash column chromatography using hexanes as the
eluent. Both compounds were reported in literature.'*> '*

[0250] Characterizations for 1v: '"H NMR (600 MHz,
CDCly): 6 7.37 (m, 2H), 7.34-7.27 (m, 4H), 7.27-7.23 (m,
2H), 7.23-7.18 (m, 2H), 6.47 (dt, J=15.9, 1.5 Hz, 1H), 6.37
(dt, JI=15.7, 6.8 Hz, 1H), 3.58-3.54 (m, 2H) ppm.

[0251] HRMS (HAPCI) m/z: Calcd tor C,.H,, =194.
1096. Found Mass=194.1098.

Scope ol Arenes

[0252]
hydroarylation of styrene with arenes. Under an atmosphere

General procedure for Rh(I)-catalyzed oxidative

of dry nitrogen, di-u-acetatotetrakis(dihaptoethene)dirho-
drum(I) (1) (2.5 umol, 350 ug), copper(ll) pivalate (400
umol, 106 mg) and pivalic acid (2 mmol, 204 mg) were

added to a dried Andrews Glass™ Lab-Crest® Fisher-Porter
.

ml.) were added by syringe. The tube was opened to arr,
sealed and pressurized with dinmitrogen (60 psig). The mix-
ture was stirred at 165° C. After 24 h, the reaction was
allowed to cool to room temperature. The resultant mixture
was diluted with ethyl acetate (40 mL) and washed with
saturated sodium carbonate solution (50 mL). The aqueous
and organic layers were separated. The aqueous layer was
extracted with ethyl acetate (3x40 mL), and the combined
organic layers were washed with water (3x10 mL) and dried
over magnesium sulfate, filtered, and concentrated under
vacuum. The concentrate was purified by column chroma-

tography using hexanes as eluent.

be with a stir bar. Then styrene (500 umol) and arene (5
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Alkenylation of Toluene

[0253]
Ja-ortho
®
N
Ja-meta
XX
F
da-para
‘ X
NF
[0254] Following the general procedure described above

and using toluene as the arene, the target compounds mix-
ture of 3a were obtained as a white solid (74 mg, 76%,
ortho:para:meta=1:28:13). The products were separated and
purified by flash column chromatography using hexanes as
the eluent. However, due to the production of only a small
quantity of 3a.-ortho, we were unable to 1solate this com-

pound. Characterlzatlon of 3a-meta (2¢) (This compound
was reported in literature.*): "H NMR (600 MHz, CDCI,):

0 7.54 (m, 2H), 7.41-7.33 (m, 4H), 7.31-7.26 (m, 2H),
7.16-7.08 (m, 3H), 2.41 (s, 3H) ppm. "°C NMR (201 Mz,
CDCl;): 0 138.4, 137.6, 1377.4, 129.0, 128.8, 128.7, 128.7,
128.6, 128.6, 128.6, 127.7, 127.4, 126.6, 123.9, 21.6 ppm.
[0255] Characterization of 3a-para (2b) (This compound
was reported in literature.*): "H NMR (600 MHz, CDCI,):
0 7.53 (m, 2H), 7.45 (m, 2H), 7.38 (m, 2H), 7.28 (m, 1H),
7.20 (m, 2H), 7.13 (d, J=16.4 Hz, 1H), 7.09 (d, J=16.4 Hz,
1H), 2.39 (s, 3H) ppm. "°C NMR (201 MHz, CDCL,): &
137.7, 1347, 129.5, 128.8, 128.8, 128.7, 127.8, 127.5,
126.55 21.4, 21.4 ppm.

Alkenylation of Ethylbenzene

10256]

3b-ortho

®

‘ N X N

F
3b-meta
®
 a
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-continued
3c-para
‘ X
‘ N X =
NN

[0257] Following the general procedure described above
and using ethylbenzene as the arene, the target compounds
mixture of 3b were obtained as a white solid (82 mg, 81%,
ortho:para:meta=0:3:1). The product mixture was purified
by flash column chromatography using hexanes as the
cluent. However, due to the production of only a small

quantity of 3b-ortho, we were unable to see this compound
from NMR.

[0258] Characterization of 3b mixture (3b-meta+3b-para):
'H NMR (600 MHz, CDCL,) 8 7.54-7.48 (m, 2H""“+
2HP4 ), 7.45 (m, 2HP*), 7.39-7.33 (m, 3H™*“4+2HF*"9),
7.30-7.23 (m, 3H™“+1HP*%), 7.20 (m, 2H?*%), 7.14-7.04
(m, 3H*42HPY?), 2.72-2.63 (m, 4H"*+4HP**), 1.30-1.
23 (m, 6H™**“*+6H***) ppm. HRMS (HAPCI) m/z: Calcd
for C, H,,7=208.1252. Found Mass=208.1232.

Alkenylation of Cumene

[0259]
3c-ortho
~ ‘/\
N
3c-meta
‘ X
‘ XN T X F
F
3c-para
‘ X
‘ NN
Y F
[0260] Following the general procedure described above

and using cumene as the arene, the target compounds
mixture of 3¢ were obtained as a white solid (88 mg, 77%,
ortho:para:meta=0:2:1). The products mixture was purified
by flash column chromatography using hexanes as the
cluent. However, due to the production of only a small
quantity of 3c-ortho, we were unable to see this compound

from NMR.

[0261] Characterization of 3¢ mixture (3c-meta+3c-para):
'H NMR (600 MHz, CDCl,): & 7.54-7.49 (m, 2H™"+

QHPY?), 7.46 (m, 2HPY?), 7.39-7.33 (m, 3H"*““+2HP*?),

23
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7.31-7.21 (m, 3H™*"4+3HF*), 7.17-7.14 (m, 1H™"?), 7.14-
7.05 (m, 2H™**+2H7*"%), 2.94 (m, 1H"**“*+1H?**), 1.30 (d,
J=6.9 Hz, 6H?*"%), 1.27 (d, J=7.0 Hz, 6H™***) ppm. HRMS
(HAPCI) m/z: Calcd for=C, H,;7=223.1487. Found
Mass=223.1476.

Alkenylation of Tert-Butylbenzene

[0262]
3d-ortho
tBu ‘/\
N
3d-meta
tBu\‘ N \
3d-para
®
tBu/\/
[0263] Following the general procedure described above

and using tert-butylbenzene as the arene, the target com-
pounds mixture of 3d were obtained as a white solid (96 mg,
81%, ortho:para:meta=0:2:1). The products mixture was
purified by flash column chromatography using hexanes as
the eluent. However, due to the production of only a small
quantity of 3d-ortho, we were unable to see this compound
from NMR. The assignment of peaks was achieved by
comparison with the literature.”

[0264] Characterization of 3d mixture (3d-meta+3d-para):
'"H NMR (600 MHz, CDCL,): 8 7.57-7.49 (m, 2H""+
2HPY™), 7.48-7.44 (m, 2HP*?), 7.43-7.33 (m, 4H"*“+
2HP4™ ), 7.33-7.28 (m, 2HP?), 7.28-7.23 (m, 1H™“+
1HP), 7.18-7.03 (m, 2H™“42HP**), 1.36 (s, OH™**),
1.34 (s, 9OH"*"*) ppm. HRMS (HAPCI) m/z: Calcd for
C,-H,,7=223.1487. Found Mass=223.1476.

Alkenylation of Para-Xylene

(E)-2,5-dimethyl-1-styrylbenzene (3¢)
[0265]

A\

=
X
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[0266] Following the general procedure described above
and using para-xylene as the arene, the target compound 3¢
was obtained as a white solid (23 mg, 22%) after 48 hours
reaction. The product was purified by flash column chroma-
tography using hexanes as the eluent. This compound was
reported in literature.”

[0267] 'H NMR (600 MHz, CDCl,): 8 7.53 (m, 2H), 7.42
(d, I=1.8 Hz, 1H), 7.37 (m, 2H), 7.32 (d, J=16.2 Hz, 1H),
7.26 (m, 2H), 7.08 (d, J=7.7 Hz, 1H), 7.03-6.97 (m, 2H),
2.39 (s, 3H), 2.36 (s, 3H) ppm. °C NMR (151 MHz,
CDCl,): 0 137.9, 136.3, 135.7, 132.9, 130.5, 129.8, 128.8,
128.5, 127.77, 126.8, 126.7, 126.1, 21.2, 19.6 ppm. HRMS
(HAPCI) m/z: Caled for C,H,,"=208.1252. Found
Mass=208.1243.

Alkenylation of Meta-Xylene

(E)-3,5-dimethyl-1-styrylbenzene (31)

[0268]
= ‘
Y
[0269] Following the general procedure described above

and using meta-xylene as the arene, the target compound 31
was obtained as a white solid (88 mg, 77%) after 48 hours
reaction. The product was purified by flash column chroma-

tography using hexanes as the eluent. This compound was
reported in literature.* 'H NMR (600 MHz, CDCIl,): & 7.53

(m, 2H), 7.38 (m, 2H), 7.27 (tt, J=7.3, 1.3 Hz, 1H), 7.17 (s,
2H), 7.11 (s, J=16.3 Hz, 1H), 7.07 (d, J=16.4 Hz, 1H), 6.93
(s, 1H), 2.36 (s, 6H). °C NMR (151 MHz, CDCl,): 6 138.2,
137.77, 137.4, 129.6, 129.0, 128.8, 127.6, 126.6, 124.6, 21.5
ppm. HRMS (HAPCI) m/z: Caled tor C, H, ,7=208.1252.
Found Mass=208.1246.

Alkenylation of ortho-xylene

(E)-3,4-dimethyl-1-styrylbenzene (3g)

[0270]
Z ‘
S P N
=
[0271] Following the general procedure described above

and using ortho-xylene as the arene, the target compound 3¢
was obtained as a white solid (81 mg, 71%). The product
was purified by flash column chromatography using hexanes
as the eluent. This compound was reported in literature.’> 1H
NMR (600 MHz, CDCIl,): 6 7.53 (m, 2H), 7.38 (m, 2H),
7.33 (s, 1H), 7.29 (dd, J=7.5, 1H), 7.27 (m, 1H), 7.15 (d,
J=7."7Hz, 1H), 7.09 (m, 2H), 2.32 (s, 3H), 2.30 (s, 3H) ppm.
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SC NMR (151 MHz, CDCL,): 8 137.7, 136.9, 136.4, 135.1,
130.1, 128.9, 128.8, 127.9, 127.7, 127.5, 126.5, 124.2, 20.0,
19.7 ppm. HRMS (HAPCI) m/z: Calcd for C, H, . =208.
1252. Found Mass=208.1239.

Alkenylation of 1,2,3-Trimethylbenzene

(E)-3,4,5-trimethyl-1-styrylbenzene (3h)

[0272]
=z ‘
N X X
=
[0273] Following the general procedure described above

and using 1,2,3-trimethylbenzene as the arene, the target
compound 3h was obtained as a white solid (75 mg, 67%).
The product was purified by flash column chromatography

using hexanes as the eluent. This compound was reported in
literature. 14 1H NMR (600 MHz, CDCl,): 6 7.51 (m, 2H),

7.35 (m, 2H), 7.25 (m, 2H), 7.19 (s, 2H), 7.07 (d, J=16.2 Hz,
1H), 7.04 (d, J=16.3 Hz, 1H), 2.33 (s, 6H), 2.20 (s, 3H) ppm.
“C NMR (151 MHz, CDCL,): § 137.8, 136.8, 135.0, 134 4,
128.9, 128.8, 127.5, 127.4, 126.5, 123.9, 20.8, 15.5 ppm.
HRMS (HAPCI) m/z: Calced for C,-H,;7=223.1487. Found
Mass=223.148]1.

Alkenylation of Cyclohexylbenzene

(0274]
Sicortho
N
N X =
‘ y
PN X o
I P Y ‘\/
‘ /
- Siopara
A ‘ 7
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[0275] Following the general procedure described above
and using cyclohexylbenzene as the arene, the target com-
pounds mixture of 31 were obtained as a white solid (106 mg,
81%, ortho:para:meta=0:3:1). The products mixture was
purified by flash column chromatography using hexanes as
the eluent. However, due to the production of only a small
quantity of 31-ortho, we were unable to see this compound

from NMR.
[0276] Characterization of 31 mixture (31-meta+31-para):

[0277] 'H NMR (600 MHz, CDCl;) & 7.56-7.51 (m,
2H™442HP"®), 7.46 (m, 2HP?), 7.41-7.25 (m, 6H™**“+
3HP), 7.23 (m, 2HP*?), 7.17-7.04 (m, 3H™"*"“+2HF%),
2.55 (m, 1H™"“+1HF*%), 2.02-1.73 (m, SH™*+5HP*),
1.53-1.21 (m, SH™"“+5H?“*) ppm. HRMS (HAPCI) m/z:
Calced tor C, H,,"=262.1722. Found Mass=262.1709.

Alkenylation of Biphenyl

[0278]
31-ortho
®
N ‘ N
‘/ NN
Vs
3|-meta
= ‘ ‘/\
AN ‘/\ e VN a
N
3i-para
‘ X
AN F
®
N
[0279] Following the general procedure described above

and using biphenyl as the arene, 2.5 mL of mesitylene was
added to the reaction mixture as the co-solvent, the target
compounds mixture of 3] were obtained as a white solid (96
mg, 81%, ortho:para:meta=0:2:1). The products were sepa-
rated and purified by flash column chromatography using
hexanes as the eluent. However, due to the production of
only a small quantity of 37-ortho, we were unable to 1solate
this compound.

[0280] Characterization of 3j-meta (This compound was
reported in literature.®): "H NMR (600 MHz, CDC]l,): § 7.74
(t, J=1.8 Hz, 1H), 7.64 (m, 2H), 7.55 (m, 2H), 7.53-7.43 (m,
SH), 7.38 (m, 3H), 7.29 (m, 1H), 7.19 (s, 2H) ppm. °C
NMR (151 MHz, CDCl,): o 141.9, 141.3, 138.0, 137 4,
129.24, 129.22, 128.93, 128.86, 128.8, 127.9, 127.6, 127 .4,
126.71, 126.68, 125.6, 125.5 ppm.
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[0281] Characterization of 3j3-para (This compound was
reported in literature."): 'H NMR (600 MHz, CDCl,): &

7.65-7.57 (m, 6H), 7.54 (m, 2H), 7.48 (m, 2H), 7.40-7.34
(m, 3H), 7.38 (m, 1H), 7.16 (s, 2H) ppm. '°C NMR (151
MHz, CDCIl,): 0 140.8, 140.5, 137.5, 136.6, 129.0 (d, J=1.8
Hz), 128.92, 128.86, 128.4, 127 51, 127.48, 127.1, 127.1,
126.7 ppm.

[0282] HRMS (HAPCI) m/z: Caled for C, H,7=256.
1252. Found Mass=256.1250.

Alkenylation of Fluorobenzene

[0283]
3k-ortho
F ‘ X
‘ N X F
P
dk-meta
X
b ‘ Z
\/
3k-para
®
\ \/
b
[0284] Following the general procedure described above

and using fluorobenzene as the arene, the target compounds
mixture of 3k were obtained as a white solid (81 mg, 82%,
ortho:para:meta=1:28:23). The products mixture was puri-
fied by flash column chromatography using hexanes as the
cluent. However, due to the production of only a small
quantity of 3k-ortho, we were unable to see this compound

in NMR.

[0285] Characterization of 3k-meta: "H NMR (600 MHz,
CDCly): 6 7.52 (d, I=7.7 Hz, 2H), 7.37 (t, I=7.6 Hz, 2H),
7.33-7.27 (m, 3H), 7.22 (d, ]=10.0 Hz, 1H), 7.11,7.07 (ABq,
Av =24 Hz, ] ,,=18 Hz, 2H), 6.95 (t, J=7.8 Hz, 1H) ppm.
SCNMR (201 MHz, CDCL,): 8 163.3 (d), 139.9 (d), 137.0,
130.2 (d), 130.2, 128.9, 128.2, 127.6 (d), 126.8, 122.6 (d),
114.5 (d), 112.9 (d) ppm. F NMR (564 MHz, CDCL,): &
-111.8 (td, J=9.3, 6.2 Hz, 1H) ppm.

[0286] Characterization of 3k-para: '"H NMR (600 Mz,
CDCl;): 6 7.49 (m, 4H), 7.36 (t, JI=7.6 Hz, 2H), 7.28 (s, 1H),
7.09-7.00 (m, 4H) ppm. °C NMR (201 MHz, CDCl,): 8
162.3 (d, J=247.3 Hz), 137.2, 133.5 (d, J=3.3 Hz), 128.7,
128.5 (d, J=2.3 Hz), 128.0 (d, J=7.9 Hz), 127.7, 127.5,
126.4, 115.6 (d, J=21.6 Hz) ppm. "F NMR (564 MHz,

CDCL,): & -112.5 (tt, J=8.6, 5.4 Hz) ppm.

[0287] HRMS (HAPCI) m/z: Calcd for C, H,,;F"=198.
0845. Found Mass=198.0842.
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Alkenylation of Chlorobenzene

[0288]
3l-ortho
Cl ‘ X
@/\/ F
3l-meta
I ‘/\ SN
\/
3-para
X
- e \/
[0289] Following the general procedure described above

and using chlorobenzene as the arene, the target compounds
mixture of 31 were obtained as a white solid (94 mg, 87%,
ortho:para:meta=0:2:1). The products were separated and
purified by flash column chromatography using hexanes as
the eluent. However, due to the production of only a small
quantity of 31-ortho, we were unable to 1solate this com-
pound.

[0290] Characterization of 3l-meta: 1H NMR (600 MHz,
CDCl,): 6 7.55-7.50 (m, 3H), 7.42-7.36 (m, 3H), 7.33-7.28
(m, 2H), 7.25 (ddd, 1=7.9, 2.1, 1.2 Hz, 1H), 7.13 (d, J=16.3
Hz, 1H), 7.05 (d, J=16.3 Hz, 1H) ppm. "°C NMR (201 MHz,
CDCl,): 0 139.4, 136.9, 134.8, 130.3, 130.0, 128.9, 128.2,
127.6, 127.3, 126.8, 126.4, 124.9 ppm.

[0291] Characterization of 31-para: '"H NMR (600 MHz,
CDCly): 0 7.51 (d, J=7.6 Hz, 2H), 7.44 (d, J=8.6 Hz, 2H),
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7.37 (t, J=7.7 Hz, 2H), 7.33 (d, 1=8.5 Hz, 2H), 7.28 (t, ]=7.3
Hz, 1H), 7.08, 7.05 (ABq, Av,,=13.4 Hz, 1,,=12 Hz, 2H)
ppm. *C NMR (201 MHz, CDCL,): & 137.1, 136.0, 1333,
129.5, 129.0, 128.9, 128.0, 127.8, 127.5, 126.7 ppm.

[0292] HRMS (HAPCI) m/z: Calcd for C, H,,C17=214,
0549. Found Mass=214.0539.

Alkenylation of Bromobenzene

[0293]
3Im-ortho
Br
‘/l\ X
\/
Im-meta
X
Br \ ‘ L
3dm-para
®
Br/ \/
[0294] Following the general procedure described above

and using bromobenzene as the arene, the target compounds
mixture of 3m and undesired product stilbene 2a were
obtained as a white solid. The products were separated and
purified by flash column chromatography using hexanes as
the eluent. Only 21 mg 21% of 3m-para was cleanly
separated.



US 2023/0234900 Al Jul. 27, 2023

4 e

-, L L] T T 1 T L] L | L |
l-n'r"'l.l‘q.'-.‘-.l_ 'l'"*'ﬁ.- “« 18 = 1+ wa1wE W a woEmrw mw w mw wmw w o= «a] = = i" 2 = = =2i-= = = 11-m = = 1232 = = wmi1s ®=w = =i-a2 =W w A 41- =" =W = A w = W warawm = W wai-m = W 1.1-m =w'm 1% ®m a1 Wwiak ®m 2 Wwi-w® ®mW 2 warmw W 2 wm m om woaiwa =
. - . P 1
[ Y '1-* 1‘—1l::."r.l-'ll-lh--. .‘-\.‘J.-'l- - f . ' . ' - a .
-m " ' . ' . 4 4 M
o
N ' . ' . f - 4 .
L - . . . 4 4 L
N
N n 1 1 1 N ' 1 n
L] L} 1 -
L 1] ] ' . 4 4 -
[ ] 1 1 1 - 1 ]
L - . .
1 i ] b
- . 1 L) 1 L)
‘ ‘-‘-l-i - ' - - - 4 ' - - - - b L ] - - = 4 1] L ] - - = - L ] - - L] - L ] - - - & 1 & [ | - - - - - - - - 4 ] - - L ] 4 L[] - - - 4 L[] - - - - - - - - - - - & - - - [ B ] - L ] - = - L ] 4 = 4 4 & 4 1] - - - 1 1 1] - - - - - - 4 ] - - - 4 & - - - [ | 1] -
-'l ul b L] 4 n
- ' .
[ . . - " . ' - 4 . i -
. . . A -
N . n 1 1 1 N 1 n
» . § ' ' 4 . 4 9
. . . . . .
i 1 1 . 1 ! i . ] b
Lo B T | b ' ' ' b
N - - - 4 1] - - ' 1] - - - ' - - - 4 1] - - - 4 [ ] - - - ' 1] - - -l - - - 4 1] - - - 4 1] - - - ] 1] [ - - ' - - - 4 1] - - - 4 1] - - - ' 1] - - - b - - - 4 & - - - 4 k4 4 - - ' L] - - ok ' - - - 4 1]
IR
f . - ' ) ' . =
] 1 1 1 i [ ]
r [ ] . ' ' 1]
1] ] ' 4 4 -
| . . .
. . . .
[ 1 ' 1 ' L} L] [ ]
N
] ] [ ]
- . . . . -
-.".-ﬁl- L | 1" u L | - L] 1 L | - N n - L | - L | - L | L n L | - L | LI | L | - L | [ | n L | - L | - - L | - L] 1 ' = L | - L] n - L | - N n - L | - o L | - L | - [ I L | - L | L I | L | - L | 1= n - L | - o L | - L | L | | L L | - L | L I | L | - L | [ | n L |
e . - . : . . -
" ' 1 ! 1 1 .
[ ] . ' ' 1]
L - .
. [ ] [ ] 1 . 4 [ ]
o . . . . .
L ' . 1 1 b
N
. = ' . ' o . - -
1 -l
LEEALY M - & a  a 4w a2 "4 4. s s T t o+ oa' 4k 4 4 miar e s a x4 4 &+ 4 a2 s s o.a v o+ s o= P 4 &+ 4 ar " & a4 o.a oa
L & T
1 1 1 "
L ] I' ] ! ] [ ]
d h . ' ' 1 h 4 -
] ] [ ]
o L ' . . 1 1 b
. . .- . ) . . \ -
. . . . . . -
=1 ",: . HL_ : 1. . L_m -_—_h—l_l-l-l_—_n.n_n_!l_u..lln mna_l . —
=t ] 1 1 . 1 1 ]
. . a .
N
. . . . - . .
[ ] [ ] L] 4 [ ]
o
] [ [ [ - 4 1]
.y '.l _‘. _|1 —-— 1 - -1 - . -" - L k| - I.'-.| - _.!.l ., L) .H.l g! "- -'1 d - - g WL J!.l L
g u A = s . Ty B A WY, b h e A L= N
1 thl. "-'Ii-.. - T "= -l"'i-l- V' l*- 1 | I-.l:hl. "I ihl. e m M [ B AT, e a k"t



US 2023/0234900 Al Jul. 27, 2023
33

[0295] Representative GC-FID chromatogram of a reac- _continued
tion mixture from the reaction between bromobenzene and
styrene. Peak assignments: 1-2 minutes dichloromethane,
acetone and benzene; 4.1 minutes styrene; 4.6-5 minutes
bromobenzene; 10.8 minutes trans-stilbene; 12-13 minutes
mixture of bromostilbenes. GC-FID Parameters: starting,
temperature: 50° C.; time at starting temp: 2.5 min; rampl:

3n-meta

20° C./min up to 240° C.; hold for 6 min; tlow rate (carrier): N X
3.01 mL/min (He); split ratio: 35:1; inlet temperature: 200° ‘
C.; detector temperature: 240° C. z

[0296] Characterization of 3m-para:
[0297] "H NMR (600 MHz, CDCL,): 8 7.56-7.46 (m, 4H),

7.41-7.33 (m, 4H), 7.28 (m, 1H), 7.10 (d, J=16.3 Hz, 1H),

7.04 (d, 1=16.3 Hz, 1H) ppm. 13C NMR (201 MHz, CDCl,): Snepara
5 137.1, 136.4, 131.9, 129.6, 128.9, 128.12, 128.05, 127.6,

126.7, 121.5 ppm.

Alkenylation of Iodobenzene N
[0298]
I

3n-ortho

I X [0299] Following the general procedure described above

‘ and using 10dobenzene as the arene, the target compounds

mixture of 3n and undesired product stilbene 2a were

‘ obtained as a white solid. The products were separated and

F purified by flash column chromatography using hexanes as
the eluent.

/
/
\
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[0300] Representative GC-FID chromatogram of a reac-
tion mixture from the reaction between iodobenzene and
styrene. Peak assignments: 1-2 minutes dichloromethane,
acetone and benzene; 4.1 minutes styrene; 5.6-7 minutes
10dobenzene; 10.8 minutes trans-stilbene; 13-14 minutes
mixture of 10dostilbenes. GC-FID Parameters: starting tem-
perature: 50° C.; time at starting temp: 2.5 min; rampl: 20°
C./min up to 240° C.; hold for 6 min; flow rate (carrier): 3.01
ml/min (He); split ratio: 35:1; inlet temperature: 200° C.;
detector temperature: 240° C.

Alkenylation of Pentafluorobenzene

(E)-2,3.4,5,6-pentafluoro-1-styrylbenzene (30)

[0301]
F /\‘
b b
b
[0302] Following the general procedure described above

and using pentatluorobenzene as arene, the target compound
30 was obtained as a white solid (82 mg, 61%). The product

was purified by flash column chromatography using hexanes
as the eluent. 'H NMR (600 MHz, CDCL,): 8 7.54 (m, 2H),

7.46-7.38 (m, 3H), 7.35 (m, 1H), 6.99 (d, J=16.8 Hz, 1H).
“C NMR (201 MHz, CDCL,): § 145.2 (dm, J=250.1 Hz),
139.5 (dm, J=254.9 Hz), 137.8 (dm, J=252.1 Hz), 137.2 (t,
J=8.2 Hz), 136.5, 129.0, 128.9, 126.9, 112.7, 112.4 (td,
J=13.7, 4.5 Hz) ppm. "F NMR (564 MHz, CDCl,): &
-143.3 (dd, J=21.2 Hz, 7.1 Hz, 2F), -157.2 (t, J=20.8 Hz,
1F), -163.6 (td, J=20.8 Hz, 6.8 Hz, 2F) ppm. HRMS
(HAPCI) m/z: Caled for=C,,H F.7=270.0468. Found
Mass=270.0465.

Alkenylation of 1,2-Dichlorobenzene

(E)-3.4-dichloro-1-styrylbenzene (3p)

[0303]
F
N XX
a0 N
Cl
[0304] Following the general procedure described above

and using pentafluorobenzene as arene, the target compound
3p was obtained as a white solid (81 mg, 74%). The product
was purified by flash column chromatography using hexanes
as the eluent. This compound was reported in literature.® 1H
NMR (600 MHz, CDCl,): ¢ 7.59 (d, J=2.1, 1H), 7.50 (m,
2H), 7.42 (d, J=8.3 Hz, 1H), 7.38 (m, 2H), 7.33 (dd, J=8.3,
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2.1, 1H), 7.30 (m, 1H), 7.09 (d, J=16.3 Hz, 1H), 6.99 (d,
1-16.3 Hz, 1H) ppm. *C NMR (151 MHz, CDCL,): 5 137.6.
136.7, 132.9, 131.3, 130.7, 130.7, 128.9, 128.4, 128.2,
1268, 126.3, 125.8 ppm. HRMS (HAPCI) m/z: Calcd for
C,,H, C1,*=248.0160. Found Mass=248.0163.

Alkenylation of 1,3-Dibromobenzene

(E)-3,5-dibromo-1-styrylbenzene (3q)

[0305]
F
Br \ W ‘
Br
[0306] Following the general procedure described above

and using 1,3-dibromobenzene as arene, the target com-
pound 3q was obtained as a white solid (125 mg, 74%). The
product was purified by flash column chromatography using
hexanes as the eluent. This compound was reported in
literature.'® 1H NMR (600 MHz, CDCl,): & 7.57 (d, J=1.6
Hz, 2H), 7.54 (1, I=1.7 Hz, 1H), 7.50 (m, 2H), 7.38 (m, 2H),
7.31 (m, 1H), 7.10 (d, J=16.3 Hz, 1H), 6.93 (d, J=16.3 Hz,
1H) ppm. °C NMR (151 MHz, CDCL,): & 141.2, 136.4,
132.8, 131.7, 129.0, 128.6, 128.2, 127.0, 125.8, 123.4 ppm.
HRMS (HAPCI) m/z: Caled for C,,H,,Br,7=335.9149.
Found Mass=335.9142.

Alkenylation of a,a,c-Trifluorotoluene

[0307]
3r-ortho
CF, ‘/\
\ \/
3r-meta
R
ClL3 ‘ /
\ \/
3r-para
®
\ \/
CF;
[0308] Following the general procedure described above

and using a,a,a-trifluorotoluene as the arene, the target
compounds mixture of 3r were obtained as a white solid
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(108 mg, 87%, ortho:para:meta=0:2:1). The product was
purified by flash column chromatography using hexanes as

the eluent. The assignment of peaks was achieved by com-
parison with the literature.” 'H NMR (600 MHz, CDC]l,): &

778 (s, 1H™), 7.69 (d, J=7.0, 1H"*), 7.65-7.59 (in,
AHP™), 7.58-7.51 (m, 3H™*+2H#*"*), 7.48 (t, I=7.7 Hz,
1H™%), 7.43-737 (m, 2H"“42HP%), 7.35-7.29 (m,
1H™*4+1HP®), 7.23-7.09 (m, 2H"*“+2HP¥4). “F NMR
(564 MHz, CDCIl,): 0 -60.84 (s, 3F?%"%), -61.14 (s, 3F™**)
ppm.

[0309] HRMS (HAPCI) m/z: Caled tor=C, H,,F,7=248.
0813. Found Mass=248.0813.

Alkenylation of Naphathalene

(E)-2-styrylnaphthalene (3s)

[0310]
/\‘
XN
[0311] Following the general procedure described above

and using naphthalene as the arene, 2.5 mL of mesitylene
was added to the reaction mixture as the co-solvent, the
target compound 3s was obtained as a white solid (86 mg,
75%). The product was purified by flash column chroma-
tography using hexanes as the eluent. This compound was
reported in literature.®

[0312] 'H NMR (600 MHz, CDCl,): 0 7.86 (br, s, 1H),
7.85-7.719 (m, 2H), 7.75 (dd, J=8.6, 1.8 Hz, 1H), 7.57 (m,
2H), 7.50-7.42 (m, 2H), 7.38 (m, 2H) 7.29 (d, J=16.4 Hz,
1H), 7.28 (m, 2H). 7.24 (d, J=16.3 Hz, 1H) ppm. 1°C NMR
(151 MHz, CDCl,): o 137.5, 135.0, 133.9, 133.2, 129.2,
128.9, 128.9, 128.5, 128.1, 127.8, 127.8, 126.8, 126.7.
126.5, 126.0, 123.7 ppm.

[0313] HRMS (HAPCI) m/z: Calcd for C,.H,, =230.
1096. Found Mass=230.1084.

Alkenylation of Furan

(E)-2-styrylfuran (3t)

[0314]
2 ‘
(W
[0315] Following the general procedure described above

and using furan as the arene, the target compound 3t was
obtained as a white solid (42 mg, 49%). The product was
purified by flash column chromatography using hexanes as
the eluent. This compound was reported in literature.*

[0316] 'H NMR (600 MHz, CDCL,): 8 7.47 (m, 2H), 7.41
(dd, J=1.8, 0.7 Hz, 'H), 7.35 (m, 2H), 7.26 (m, 'H), 7.05 (d.
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J=16.3 Hz, 'H), 6.91 (d, J=16.3 Hz, 'H), 6.43 (dd, J=3.3, 1.8
Hz, 'H), 6.36 (dd, J=3.3, 0.7 Hz, 'H). HRMS (HAPCI) m/z:
Calcd for C,,H,,0"=171.0810. Found Mass=171.0787.

Alkenylation of Trimethylsilyl Benzene

[0317]
3u-ortho
Ju-meta
9
TMS\‘ N \ P
Z
3u-para
»
TMS =
[0318] Following the general procedure described above

and using trimethylsilyl benzene as the arene, the target
compounds mixture of 3u were obtained as a white solid
(115 mg, 91%, ortho:para:meta=0:2:1). The product was
purified by flash column chromatography using hexanes as
the eluent.

[0319] Characterization of 3u mixture (3u-meta+3u-para):
[0320] 'H NMR (600 MHz, CDCL,): & 7.70 (m, "H™**),
7.61-7.52 (m, 2H ™“+6HP%), 7.48 (dt, J=7.3, 1.2 Hz,
'H™%), 7.41 (m, 3H™*“42HP*), 7.33-7.29 (m, "H™“+
gy, 7.22-7.13 (m, 3H™"“+2HP“%), 0.37 (s, OH™™),
0.34 (s, 9H"“") ppm.

[0321] HRMS (HAPCI) m/z: Calcd for C, H,,S17=252.
1334. Found Mass=252.1329.

Alkenylation of Anisole

3v-ortho 3v-meta 3v-para

10322]
Jv-ortho
OMe ‘/\
F
Jv-meta
X
MeO \ ‘ P
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-continued
Jv-para

/

\

X
F

MeQO

[0323] Following the general procedure described above
and using anisole as the arene, reaction was run under 135°
C. for 96 hours, the reactor was cooled down and purge by
fresh air every 24 hours, the target compounds mixture of 3v
were obtained as a colorless liquid (85 mg, 81%, ortho:para:
meta=0.3:1.7:1) The product was purified by flash column
chromatography using hexanes and ethyl acetate (v/v=9:1)
as the eluent. However, due to the production of only a small
quantity of 3v-ortho, we were unable to 1solate this com-
pound.

[0324] Characterization of 3v-meta:

[0325] 'H NMR (600 MHz, CDCl,): 8 7.55 (m, 2H), 7.40
(m, 2H), 7.35-7.28 (m, 2H), 7.19-7.12 (m, 3H), 7.10 (dd,
J=2.6, 1.0 Hz, 'H), 6.87 (ddd, J=8.2, 2.5, 0.9 Hz, 'H), 3.88
(s, 3H) ppm.

[0326] "°C NMR (151 MHz, CDCl,): & 160.0, 138.9,
137.4, 129.8, 129.1, 128.8, 128.7, 127.8, 126.7, 1194,
113.4, 111.9, 55.3 ppm.

[0327] Characterization of 3v-para:

[0328] 'H NMR (600 MHz, CDCl,): 8 7.48 (dd, J=20.1,
8.0 Hz, 4H), 7.35 (t, J=7.5 Hz, 2H), 7.24 (t, J=7.4 Hz, 'H),
7.07,6.98 (ABq, Av ,;=52.6 Hz, ] ,,=16.3 Hz, 2H), 6.91 (d,
J=8.4 Hz, 2H), 3.84 (s, 3H) ppm. °C NMR (201 MHz,
CDCl,): 0 159.4, 137.8, 130.3, 128.78, 128.4, 127.9, 127 4,
126.8, 126.4, 114.3, 77.2, 35.5 ppm.

[0329] Characterization of 3v mixture:

[0330] HRMS (HAPCI) m/z: Caled for C,H,.O"=211.
1123. Found Mass=211.1122.

Alkenylation of 1,3-Dimethoxybenzene

(E)-3,5-dimethoxyl-1-styrylbenzene (3w)

[0331]
N
N Y \/‘
‘ F
OMe
[0332] Following the general procedure described above

and using 1,3-dimethoxybenzene as the arene, reaction was
run under 135° C. for 96 hours, t

he reactor was cooled down
and purge by fresh air every 24 hours, the target compound
of 3w were obtained as a colorless liquid (89 mg, 74%). The
product was purified by flash column chromatography using,
hexanes and ethyl acetate (v/iv=9:1) as the eluent. This
compound was reported in literature.* 'H NMR (600 MHz,
CDCl,): 8 7.52 (m, 2H), 7.37 (m, 2H), 7.28 (m, 'H), 7.11 (d,

J=16.3 Hz, 'H), 7.05 (d, J=16.3 Hz, 'H), 6.70 (d, ]=2.3 Hz,
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Jul. 27, 2023

2H), 6.42 (t,1=2.3 Hz, 'H), 3.85 (s, 6H) ppm. "°C NMR (151
MHz, CDCL;): o 161.1, 139.5, 137.3, 129.3, 128.8, 127.9,
126.7,104.7, 100.1, 55. 5 ppm. HRMS (PAPCI) n/z: Calcd
tor C, H, O, +:240 1150. Found Mass=240.1158.

Alkenylation of 1,2-dimethoxybenzene

(E)-3,4-dimethoxyl-1-styrylbenzene (3x)

[0333]
N
MeQO \ \/‘
MeO
[0334] Following the general procedure described above

and using 1,2-dimethoxybenzene as the arene, reaction was
run under 135° C. for 96 hours, the reactor was cooled down
and purge by fresh air every 24 hours, the target compound
of 3x were obtained as a colorless liquid (88 mg, 73%). The
product was purified by flash column chromatography using
hexanes and ethyl acetate (v/iv=9:1) as the eluent. This
compound was reported in literature.* "H NMR (600 MHz,
CDCL,): & 7.50 (m, 2H), 7.35 (m, 2H), 7.25 (m, 'H),
7.09-7.03 (m, 3H), 6.98 (d, J=16.3 Hz, 'H), 6.87 (d, ]=8.2
Hz, 'H), 3.95 (s, 3H), 3.91 (s, 3H) ppm. “C NMR (151
MHz, CDCl,): ¢ 149.3, 149.1, 137.7, 130.6, 128.8, 128.6,
127.4, 127.0, 126.4, 120.0, 111 4, 108.9, 56.1, 56.0 ppm.
HRMS (HAPCI) m/z Calcd for C,H, O, +:240 1150.
Found Mass=240.1149.

Alkenylation of 1,2,3-trimethoxybenzene

(E)-3.4,5-trimethoxyl-1-styrylbenzene (3y)

[0335]
N
MeO \ \/‘
MeO
OMe
[0336] Following the general procedure described above

and using 1,2,3-trimethoxybenzene as the arene, reaction
was run under 135° C. for 96 hours, the reactor was cooled
down and purge by fresh air every 24 hours, the target
compound of 3y were obtained as a light yellow liquid (99
mg, 73%). The product was purified by flash column chro-
matography using hexanes and ethyl acetate (v/v=9:1) as the
eluent. This compound was reported in literature.* 'H NMR
(600 MHz, CDCl;): 6 7.51 (m, 2H), 7.36 (m, 2H), 7.27 (m,
'H), 7.05 (d, J=16.3 Hz, 'H), 7.01 (d, I=16.2 Hz, 'H), 3.92
(s, 6H), 3.88 (s, 3H) ppm. °C NMR (151 MHz, CDCl,): &
153.6, 1374, 133.2, 128.9, 128.8, 1284, 127.8, 126.6,
103.8, 81.0, 61.1, 56.3 ppm. HRMS (HAPCI) m/z: Calcd for
C,-H,,0,7=270.1256. Found Mass=270.1254.

[0337] Synthesis of bioactive stilbenes derivatives. Under
an atmosphere of dry nmitrogen, di-u-acetatotetrakis(dihap-
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toethene)dirhodium(I) (1) (2.5 wmol, 350 ug), copper(ll)
pivalate (400 umol, 106 mg) and pivalic acid (2 mmol, 204
mg) were added to a dried Andrews Glass™ Lab-Crest®
Fisher-Porter tube with a stir bar. Then, vinyl arene (500
umol) and arene (5 mL) were added by syringe. The tube
was opened to air, sealed and pressurized with dinitrogen (60
psig). The mixture was stirred at 135° C. for 96 hours. After
every 24 h, the reaction was allowed to cool to room
temperature and fresh air was purged into the reactor via a
long needle. After the reaction finished, the resultant mixture
was diluted with ethyl acetate (40 mlL) and washed with
saturated sodium carbonate solution (50 mL). The aqueous
and organic layers were separated. The aqueous layer was
extracted with ethyl acetate (3x40 mL), and the combined
organic layers were washed with water (3x10 mL), dried
over magnesium sulfate, filtered and concentrated under
vacuum. The concentrate was purified by column chroma-
tography using 9:1 hexanes:ethyl acetate as eluent.

Alkenylation of 1,3-Dimethoxybenzene Using 4-Methox-
ystyrene, Synthesis of (E)-1,3-Dimethoxy-35-(4-Methox-
ystyryl)Benzene

[0338]
OMe
MeO = X
/\OMe
[0339] Following the general procedure described above

and using 1,3-dimethoxybenzene as the arene, 4-vinylani-
sole as the vinylarene, reaction was run under 135° C. for 96
hours, the reactor was cooled down and purge by fresh air
every 24 hours, the target compound of (E)-1,3-dimethoxy-
S-(4-methoxystyryl)benzene was obtained as a light yellow
liquad (92 mg, 68%). The product was purified by flash
column chromatography using hexanes and ethyl acetate
(viv=9:1) as the eluent. This compound was reported 1n
literature.® 'H NMR (600 MHz, CDCl,): 8 7.45 (m, 2H),
7.04 (d, J=16.3 Hz, 'H), 6.93-6.89 (m, 3H), 6.66 (d, J=2.3
Hz, 2H), 6.38 (t, J=2.2 Hz, 'H), 3.83 (s, 9H) ppm. "°C NMR
(151 MHz, CDCl,): o 161.1, 159.6, 139.9, 130.1, 128.9,
127.9, 126.77, 114.3, 104.5, 99.8, 55.50, 55.47 ppm. HRMS
(HAPCI) m/z: Caled for C,;H,0,7=270.1256. Found
Mass=270.1259.

Deprotection of trimethyl resveratrol

OH

HO Z ‘/\
\/\OH
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[0340] We followed a published with some modification.
(E)-1,3-dimethoxy-5-(4-methoxystyryl)benzene (92 mg,
340 umol, 1.0 equiv) was dissolved 1n CH,Cl, (15 mL) and
a solution of BBr, (1.0 M in CH,Cl,, 3.3 mmol, 3.3 ml., 9.0
equiv) was added at —78° C. The mixture was stirred for 1
h at =78° C. Then the reaction was allowed to warm to room
temperature, H,O (25 mL) was added and the mixture was
poured mto H,O (25 mL). Extraction with EtOAc (3x25
mL.), washing of the combined organic layers with H,O (25
mL), brine (25 mL), drying over MgSO, and concentration
under reduced pressure gave the crude product which was
purified by flash column chromatography using hexanes and
cthyl acetate (v/v=9:1) as the eluent. The target compound of
resveratrol was obtained as a white solid (74 mg, 96%).
[0341] 'H NMR (600 MHz, DMSO-d,): § 9.53 (s, 'H),
9.17 (s, 2H), 7.39 (m, 2H), 6.92 (d, J=16.3 Hz, 'H), 6.81 (d,
J=16.3 Hz, 'H), 6.75 (m, 2H), 6.37 (d, J=2.1 Hz, 2H), 6.11
(t, J=2.1 Hz, '"H) ppm. '°C NMR (201 MHz, DMSO-d,): &
158.5, 157.2, 139.2, 128.1, 127.8, 127.8, 125.6, 113.5,
104.3, 101.7 ppm.

Synthesis of (E)-1,2,3-trimethoxy-5-(4-methox-
ystyryl)benzene (DMU-212)

[0342]
OMe
MeO_ N
Me0” ‘ N ‘ X
/\OMe
[0343] Following the general procedure described above

and using 1,2,3-trimethoxybenzene as the arene, reaction
was performed at 135° C. for 96 hours, the reactor was
allowed to cool to room temperature and purged with air
every 24 hours. The target compound DMU-212 was
obtained as a light yellow liquid (106.6 mg, 71%). The
product was purified by flash column chromatography using
hexanes and ethyl acetate (v/v=9:1) as the eluent. This
compound was reported in literature."” "H NMR (600 MHz,
CDCl,): 8 7.45 (m, 2H), 6.97 (d, J=16.2 Hz, 'H), 6.94-6.87
(m, 3H), 6.72 (s, 2H), 3.92 (s, 6H), 3.87 (s, 3H), 3.83 (s, 3H)
ppm. °C NMR (151 MHz, CDCL,): 8 159.4, 153.5, 137.8,
133.6, 130.2, 127.9, 127.8, 126.7, 114.3, 103 .4, 61.1, 56.5,
55.5 ppm.

[0344] Synthesis of (E)-1,3-dimethoxy-35-(4-methox-
ystyryl)benzene—gram scale. An oven dried 250 mL two-
neck round bottom flask was charge with di-p-acetatotetra-
kis(dihaptoethene)dirhodium(I) (25 umol, 5.5 mg, 0.5 mol
%), copper(1l) pivalate (4 mmol, 1.06 g) and pivalic acid (20
mmol, 2.04 g). To the flask 50 mL of 1,3-dimethoxybenzene
were added. The solution was stirred at room temperature
for 10 minutes to dissolve all of the copper salt. Then, 0.665
ml. of 4-methoxystyrene (5 mmol) were added to the
reaction mixture. The reaction tlask was connected to com-
pressed air via an adapter and a condenser (note: the air flow
will facilitate the removal of the reaction solvent, thus a long,
condenser 1s needed). The reaction mixture was stirred at
135° C. for 96 hours. After completion of the reaction, the
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flask was allowed to cool to room temperature. The resultant
mixture was diluted with ethyl acetate (150 mL) and washed
with saturated sodium carbonate solution (200 mL). The
aqueous and organic layers were separated. The aqueous
layer was extracted with ethyl acetate (3x200 mL), and the
combined organic layers were washed with water (3x200
ml.), dried over magnesium sulfate, filtered, and concen-
trated under vacuum. The product was purified by flash
column chromatography using hexanes and ethyl acetate
(v/iv=9:1) as the eluent. 838 mg of desired product (E)-1,3-
dimethoxy-3-(4-methoxystyryl)benzene (62%) was 1s0-
lated.

[0345] Synthesis of (E)-1,2-dichloro-4-styrylbenzene—
gram scale An oven dried 250 mL two-neck round bottom
flask was charge with di-u-acetatotetrakis(dihaptoethene)
dirhodium(I) (1) (25 umol, 5.5 mg, 0.5 mol %), copper(1l)
pivalate (0.2 mmol, 53 mg) and pivalic acid (20 mmol, 2.04
g). To the flask 50 mL of 1,2-dichlorobenzene were added.
The solution was stirred at room temperature for 10 minutes
to dissolve all of the copper salt. Then, 0.573 mL of styrene
(5 mmol) were added to the reaction mixture. The reaction
flask was connected to compressed air via an adapter and a
condenser (note: the air flow will facilitate the removal of
the reaction solvent, thus a long condenser 1s needed). The
reaction mixture was stirred at 135° C. for 96 hours. After
completion of the reaction, the tlask was allowed to cool to
room temperature. The resultant mixture was diluted with
cthyl acetate (150 mL) and washed with saturated sodium
carbonate solution (200 mlL). The aqueous and organic
layers were separated. The aqueous layer was extracted with
cthyl acetate (3x200 mL), and the combined organic layers
were washed with water (3x200 mL), dried over magnesium
sulfate, filtered, and concentrated under vacuum. The prod-
uct was purified by flash column chromatography using
hexanes as the eluent. 1.05¢g of the desired product (E)-1,2-
dichloro-4-styrylbenzene was 1solated (84%).
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[0364] It should be noted that ratios, concentrations,
amounts, and other numerical data may be expressed herein
in a range format. It 1s to be understood that such a range
format 1s used for convenience and brevity, and thus, should
be interpreted in a flexible manner to include not only the
numerical values explicitly recited as the limits of the range,
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cal value and sub-range 1s explicitly recited. To 1llustrate, a
concentration range of “about 0.10% to about 5%” should be
interpreted to include not only the explicitly recited concen-
tration of about 0.1 wt % to about 5 wt %, but also include
individual concentrations (e.g., 1%, 2%, 3%, and 4%) and
the sub-ranges (e.g., 0.5%, 1.1%, 2.2%, 3.3%, and 4.4%)
within the indicated range. In an embodiment, the term
“about” can include traditional rounding according to sig-
nificant figures of the numerical value. In addition, the

(4 e b B 292

phrase “about ‘X’ to ‘y’” includes “about ‘X’ to about ‘y’”.
[0365] It should be emphasized that the above-described
embodiments of the present disclosure are merely possible
examples of implementations, and are set forth only for a
clear understanding of the principles of the disclosure. Many
variations and modifications may be made to the above-
described embodiments of the disclosure without departing
substantially from the spirit and principles of the disclosure.
All such modifications and variations are intended to be
included herein within the scope of this disclosure.

1. A method of making a substituted arene, comprising:

N NN

e V4 Ve N\

\/ \/

wherein A 1s a Rh catalyst or Rh pre-catalyst material,

wherein the Rh catalyst selectively functionalizes CH bond

on the arene compound, wherein B 1s an oxidant.

2. The method of claim 1, wherein the oxidant 1s selected
from the group consisting of a copper(Il) salt, iodates,
periodates, nitrogen oxide, silver salt, peroxide, dioxygen,
copper(l) salt and one or both of dioxygen and air, and a
combination thereof.

3. The method of claim 1, wherein the Rh catalyst 15 a
composition comprising:

a rhodium (I) catalyst having one of the following for-
mula: L,Rh(LYX, L;RhX, (L,X,)Rh(L'"), [(L),Rh(u-
X)]z: RhX3: [LnRhy(m'X)m]: Or (L)nRhm

wherein L, 1s selected from:
two independent and neutral first ligands each coordi-

nated to Rh(I) through a carbon donor, nitrogen
donor, a phosphorus donor, an oxygen donor, or a
sulfur donor,

a neutral bidentate ligand coordinated to Rh(I) through

either a carbon donor, nitrogen donor, a phosphorus
donor, an oxygen donor, or a sulfur donor, or

a combination of the neutral first ligand and the neutral
bidentate ligand;

herein L' 1s a neutral second ligand coordinated to Rh(I),

herein X 1s a mono-anionic group, either coordinated to
the metal or not,

wherein L, 1s a tridentate first ligand coordinated to Rh(I)
in a Kk~ or K~ fashion through a carbon donor, a nitrogen
donor, a phosphorus donor, an oxygen donor, a sulfur
donor, or a combination thereof,

g

)
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wherein L, X, 1s a monoanionic bidentate or tridentate
second ligand coordinated to Rh(I) in a k* or k> fashion
through a carbon donor, a nitrogen donor, a phosphorus
donor, an oxygen donor, a sulfur donor, or a combina-
tion thereof,

wherein L 1s a neutral, two-electron donating third ligand
coordinated to Rh(I), and

whereinyi1s 1 to 4, m1s 1 to 4 and n 1s 3(m).

4. The method of claim 1, wherein the Rh catalyst 1s a
composition comprising: a rhodium (I) catalyst having the
following structure:

R, I

A R
4\/ x/23
Rh Rh

N/ N\
RZI/ Aj Raa,

wherein A, and A, are independently selected from the
group consisting of: a halogen, an acetate group, a sulfur-
based ligand, a carbon-based ligand, hydroxyl, alkoxy,
oxide, an amido, a phosphide, a phosphido, a nitride, a
hydride, a phosphate (PF,), and a borate (BPh,), wherein
R,,, R,,, R,;, and R, , are independently selected from the
group consisting of: an alkyl, an aryl, an acetate, a cyano
group, an olefin, an 1imine, an ether, a nitrile, a ketone, water,

a sulfur based ligand, a phosphine, a carbonyl, a phosphite,
and a silicon based ligand.

5. The method of claim 1, wherein the Rh catalyst 1s a
composition comprising: a rhodium (1) catalyst having the
following structure:

wherein Q, and Q, are independently selected from the
group consisting of: N, O, P, S, S1, and C, wherein 7, and 7,
are independently selected from the group consisting of: a
halide, an alkyl, an alkenyl, a carbocycle group, a hetero-
cyclo, an aryl, a heteroaryl, an acetate, a nitrile, a phosphate,
a carbonyl, and a carboxylate, optionally, Z, and Z, are
joined together with a bond to form a 3, 6, or 7-membered
ring, wherein R, and R, are independently selected from the
group consisting of: hydrogen, an alkyl, an aryl, an acetate,
a cyano group, an olefin, an 1mine, an ether, a nitrile, a
ketone, water, a sulfur based ligand, a phosphine, a carbonyl,
a nitrosyl, a silane, and an N-Heterocyclic carbene, wherein
R; and R, are independently selected from the group con-
sisting of: a halide, an alkyl, an alkenyl, a carbocycle group,
a heterocyclo, an aryl, a heteroaryl, an acetate, a cvano
group, a nitrile, and a phosphite.

6. The method of claim 1, wherein the Rh catalyst 1s a
composition comprising: a rhodium (I) catalyst having the
following structure:
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wherein Q,, Q,, and Q) are independently selected from the
group consisting of: N, O, P, S, and S1, wherein 7, and 7,
are independently selected from the group consisting of: a
halide, an alkyl, an alkenyl, a carbocycle group, a hetero-
cyclo, an aryl, a heteroaryl, an acetate, a cyano group, a
carbonyl, and a silyl group, optionally, Z, and Z, are joined
together with a bond to form a 5, 6, or 7-membered ring,
wherein R, and R,, are independently selected from the
group consisting of: hydrogen, an alkyl, an aryl, an acetate,
a cyano group, an olefin, an 1imine, an ether, a nitrile, a
ketone, water, a sulfur based ligand, a phosphine, a silyl
group, and an N-heterocyclic carbene, wherein R, R, 5, R,
R,., and R, are independently selected from the group
consisting of: a halide, an alkyl, an alkenyl, a carbocycle
group, a heterocyclo, an aryl, a heteroaryl, an acetate, a
cyano group, a nitrile, and a phosphite wherein, optionally,
R, and R,,, R,, and R,,, or R,,, R4, and R, are joined
together with a bond(s) to form a 3, 6, or 7-membered ring,
wherein, optionally, R, and R,,, R,; and R,,, or R,,, R,
and R, . are joined together with a bond(s) to form a 5, 6, or
7-membered ring.

7. The method of claim 1, wherein the Rh pre-catalyst
material comprises Rh nanoparticles on a support or single
atom Rh material on the support.

8. The method of claim 1, wherein the ratio of the benzene

to styrene 1s about 1:100 to 1000:1, wherein the amount of
Rh catalyst 1s about 20 mol % to 0.000000001 mol %,

wherein the amount of oxidant 1s about 2 to 10,000 equiva-
lents relative to Rh catalyst.

9. The method of claim 1, wherein the reaction tempera-
ture 1s about 123-203° C. for about 1 to 72 hours.

10. A method of making a substituted arene, comprising:

R51 R56
R5) R57
R N
| . -5
\/ Ro8
R53 RA55
R54
R51 R56
R s R57
N ‘/\
\/
R53 R55
R54

wherein A 1s a Rh catalyst or Rh pre-catalyst material,
wherein the Rh catalyst selectively functionalizes CH bond
on the benzene compound, wherein B 1s an oxidant, wherein
R51 to R38 are each independently selected from the group
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consisting of: hydrogen, a halide, an alkyl, an alkenyl, a

O—R', a carbocycle group, a heterocyclo, an aryl, a
heteroaryl, —NO,, —C(O)OR', —CN, SiR';, and —OR’,
wherein each R' 1s independently selected from H and an

alkyl.

11. The method of claim 10, wherein the oxidant 1s
selected from the group consisting of a copper(ll) salt,
iodates, periodates, nitrogen dioxide, silver salt, peroxide,
dioxygen, copper(l) salt and one or both of dioxygen and atr,
and a combination thereof.

12. The method of claim 10, wherein the Rh catalyst 1s a

composition comprising:

a rhodium (I) catalyst having one of the following for-
mula: L,Rh(LYX, L,RhX, (L,X,)Rh(L"), [(L),Rh(u-
X)]5, RhX;, [L,Rh (m-X), ], or (L), Rh,,

wherein L, 1s selected from:

two independent and neutral first ligands each coordi-
nated to Rh(I) through a carbon donor, nitrogen
donor, a phosphorus donor, an oxygen donor, or a
sulfur donor,

a neutral bidentate ligand coordinated to Rh(I) through
either a carbon donor, nitrogen donor, a phosphorus
donor, an oxygen donor, or a sulfur donor, or

a combination of the neutral first ligand and the neutral
bidentate ligand;

herein L' 1s a neutral second ligand coordinated to Rh(I),

g

herein X 1s a mono-anionic group, either coordinated to
the metal or not,

wherein [, 1s a tridentate first ligand coordinated to Rh(I)
in a K* or K~ fashion through a carbon donor, a nitrogen
donor, a phosphorus donor, an oxygen donor, a sulfur
donor, or a combination thereof,

g

wherein L, X, 1s a monoanionic bidentate or tridentate
second ligand coordinated to Rh(I) in a x* or k> fashion
through a carbon donor, a nitrogen donor, a phosphorus
donor, an oxygen donor, a sulfur donor, or a combina-
tion thereof,

wherein L 1s a neutral, two-electron donating third ligand
coordinated to Rh(I), and

whereinyi1s 1 to 4, m1s 1 to 4 and n 1s 3(m).

13. The method of claim 10, wherein the Rh catalyst 1s a
composition comprising: a rhodium (1) catalyst having the
following structure:

R, I R>3

) A
\N / N/
Rh Rh

/ NN/ N\
Ry

Aj Rj),

wherein A, and A, are independently selected from the
group consisting of: a halogen, an acetate group, a sulfur-
based ligand, a carbon-based ligand, hydroxyl, alkoxy,
oxide, an amido, a phosphide, a phosphido, a nitride, a
hydride, a phosphate (PF,), and a borate (BPh,), wherein
R,,, R,,, R,;, and R, , are independently selected from the
group consisting of: an alkyl, an aryl, an acetate, a cyano
group, an olefin, an 1imine, an ether, a nitrile, a ketone, water,
a sulfur based ligand, a phosphine, a carbonyl, a phosphite,
and a silicon based ligand.

14. The method of claim 10, wherein the Rh catalyst 1s a
composition comprising: a rhodium (1) catalyst having the
following structure:
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Z />

| |
R4_Ql~.. /Qz—R3:
Rh

N\
R 1/ R>

wherein QQ, and Q, are independently selected from the
group consisting of: N, O, P, S, 81, and C, wherein 7, and Z,
are independently selected from the group consisting of: a
halide, an alkyl, an alkenyl, a carbocycle group, a hetero-
cyclo, an aryl, a heteroaryl, an acetate, a mitrile, a phosphite,
a carbonyl, and a carboxylate, optionally, Z, and Z, are
joined together with a bond to form a 5, 6, or 7-membered
ring, wherein R, and R, are independently selected from the
group consisting of: hydrogen, an alkyl, an aryl, an acetate,
a cyano group, an olefin, an imine, an cther, a nitrile, a
ketone, water, a sulfur based ligand, a phosphine, a carbonyl,
a nitrosyl, a silane, and an N-Heterocyclic carbene, wherein
R; and R, are independently selected from the group con-
sisting of: a halide, an alkyl, an alkenyl, a carbocycle group,
a heterocyclo, an aryl, a heteroaryl, an acetate, a cyano
group, a nitrile, and a phosphite.

15. The method of claim 10, wherein the Rh catalyst 1s a
composition comprising: a rhodium (1) catalyst having the
following structure:

wherein Q;, ., and Q. are independently selected from the
group consisting of: N, O, P, S, and S1, wherein 7, and 7,
are independently selected from the group consisting of: a
halide, an alkyl, an alkenyl, a carbocycle group, a hetero-
cyclo, an aryl, a heteroaryl, an acetate, a cyano group, a
carbonyl, and a silyl group, optionally, 7, and 7, are joined
together with a bond to form a 5, 6, or 7-membered ring,
wherein R, and R,, are independently selected from the
group consisting of: hydrogen, an alkyl, an aryl, an acetate,
a cyano group, an olefin, an 1imine, an ether, a nitrile, a
ketone, water, a sulfur based ligand, a phosphine, a silyl
group, and an N-heterocyclic carbene, wheremn R, R, 5, R,
R,., and R, are independently selected from the group
consisting of: a halide, an alkyl, an alkenyl, a carbocycle
group, a heterocyclo, an aryl, a heteroaryl, an acetate, a
cyano group, a nitrile, and a phosphite wherein, optionally,
R, and R,.,, R;, and R,,, or R,,, R4, and R, are joined
together with a bond(s) to form a 3, 6, or 7-membered ring,
wherein, optionally, R, and R,;, R,; and R,,, or R,,, R,
and R, . are joined together with a bond(s) to form a 5, 6, or
7-membered ring.

16. The method of claim 10, wherein the Rh pre-catalyst
material comprises a Rh nanoparticles on a support or single
atom Rh material on the support.
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17. The method of claim 10, wherein the ratio of the
benzene to styrene 1s about 1:100 to 1000:1, wherein the
amount of Rh catalyst 1s about 20 mol % to 0.00000000
mol %, wherein the amount of oxidant 1s about 2 to 10,000
equivalents relative to Rh catalyst.

18. The method of claim 10, wherein the reaction tem-
perature 1s about 125-205° C. for about 2 to 72 hours.

19. A method of making a substituted arene, comprising;:

R61
R62 R66
X
| .
/S N\F
R63 R65
R 64
Rs;  R56
RS2 R/
A\
‘ A
B
J#,f\\ R58
R53 R55
R54
R61
R51 o0 R66
R52 R/
‘ A \
/\ R63 R65
R53 R55 R64
R54

wherein A 1s a Rh catalyst or Rh pre-catalyst matenal,
wherein the Rh catalyst selectively functionalizes a CH
bond 1 meta and para positions of the substituted
benzene relative to the functional group, wherein B 1s
an oxidant,

wherein R51 to R58 are each independently selected from
the group consisting of: hydrogen, a halide, an alkyl, an
alkenyl, a —O—R', a carbocycle group, a heterocyclo,
an aryl, a heteroaryl, —NO,, —C(O)OR', —CN, S1R',,
and —OR', wherein each R' 1s independently selected
from H and an alkyl,

wherein R61 to R66 are each independently selected from
the group consisting of: hydrogen, a halide, an alkyl, an
alkenyl, a —0O—R", a carbocycle group, a heterocyclo,
an aryl, a heteroaryl, —NO,, —C(O)OR", —CN,
S1R", and —OR", wherein each R" 1s independently
selected from H and an alkyl.

20. The method of claim 19, wherein the oxidant is
selected from the group consisting of a copper(ll) salt,
iodates, periodates, nitrogen dioxide, silver salt, peroxide,
dioxygen, copper(l) salt and one or both of dioxygen and atr,
and a combination thereof.

21-27. (canceled)
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